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Abstract

The increasing volume of Waste Electrical and Electronic Equipment (WEEE) presents both a
significant environmental challenge and an untapped economic opportunity. This market analysis
and case study explore the dynamics of the WEEE sector, examining the key drivers, trends, and
regulatory frameworks influencing its growth. The study delves into the global and regional market
size, value chain, and recycling practices, highlighting innovations in technology and processing
methodologies. A particular focus is placed on the European Union's WEEE Directive and its impact
on producer responsibility, collection rates, and material recovery efficiency.

Through a comprehensive case study, the report evaluates successful WEEE recycling models and
the integration of advanced technologies, such as high-voltage fragmentation and hydrometallurgy,
for material recovery. Challenges such as illegal exports, consumer awareness gaps, and logistical
inefficiencies are critically analyzed. The findings emphasize the economic potential of WEEE
recycling, projecting market growth driven by increasing regulations, consumer electronics
proliferation, and advancements in circular economy principles.

This analysis serves as a resource for policymakers, industry stakeholders, and researchers,
providing actionable insights into optimizing WEEE management practices and leveraging its value
for sustainable development. The study concludes by proposing innovative strategies to address

existing challenges and foster a more efficient and eco-friendly WEEE recycling ecosystem.



Introduction

Basics
The global surge in waste electrical and electronic equipment (WEEE) is driven by rapid

technological advancements and the increased availability of newer, affordable products. However,
this growth presents a dual-edged sword: while technology advances, WEEE contains hazardous
substances such as heavy metals and persistent organic pollutants, which pose significant
environmental and societal risks when improperly managed, particularly in landfills (Anandh et al,
2021). Addressing this issue, reuse emerges as a pivotal strategy within WEEE management,
defined as extending the lifecycle of products through repair, refurbishment, remanufacturing, and
repurposing (Bovea et al., 2016).
The reuse and repurposing of WEEE components or complete electronic equipment, though
underexplored in the literature, offer considerable potential to reduce waste and conserve resources
(lankoon et al., 2018). Developed nations have integrated reuse regulations into their WEEE
policies, but developing countries lag in this area (Lu et al., 2018). Reuse strategies involve
recovering end-of-life products or components and putting them back into use through direct reuse
or pathways like repair, refurbishment, or remanufacturing (Reike et al., 2018). In direct reuse, the
product retains its original function, while in more complex pathways, it may undergo upgrades
through reprocessing. These strategies not only delay obsolescence but also reduce the relentless
demand for new products (Ellen MacArthur Foundation, 2013; Zacho et al., 2018).
WEEE reuse is regarded as the most environmentally friendly end-of-life option due to its socio-
economic benefits, including job creation, narrowing the digital divide, and fostering innovative
business models (Clarke et al., 2019; Kissling et al., 2012; Osibanjo and Nnorom, 2007). Factors
influencing WEEE reuse include product design, process efficiency, and consumer demand (San,
2019). Although reuse ranks high on the waste management hierarchy, research has
disproportionately focused on recycling rather than reuse, despite its sustainable benefits (Islam and
Huda, 2018; Pérez-Belis et al., 2015; Zlamparet et al., 2017). Recent studies, however, have
highlighted the increasing importance of WEEE reuse, particularly for high-turnover products like
consumer electronics and white goods, which are often discarded while still functional (Pérez-Belis
et al., 2015).
The potential for WEEE reuse hinges on several critical factors: processes to return products, repair
needs, environmental and economic trade-offs, and consumer acceptance of repaired products. The
existence of supportive waste management policies and efficient reverse logistics networks also
plays a vital role (Bovea et al., 2020). Estimating WEEE generation (Kiran et al., 2021) and ensuring
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effective take-back schemes are essential for enhancing product reusability (Sabbaghi et al., 2019).
In developing countries, challenges include the dominance of informal sectors that often offer higher
prices than formal recyclers, complicating integration efforts (Gu et al., 2016). Strategies such as
bridging the formal and informal sectors, implementing subsidies and incentives, and developing
efficient take-back schemes are proposed to maximize reuse (Jafari et al., 2017; Liu et al., 2018;
Blake et al., 2019). Innovative approaches, like value-preserving containers, also increase the
viability of WEEE reuse (Messmann et al., 2019).

At treatment facilities, WEEE is assessed for functionality and quality (Parajuly and Wenzel, 2017).
Advanced models, such as those developed by Resmi and Fasila (2017), predict refurbishment
possibilities, while systems like the cloud-based solution by Wang and Wang (2019) provide real-
time condition assessments. Affordable pricing and accessible sales channels for reprocessed
products further enhance consumer participation (Estrada-Ayub and Kahhat, 2014; Seitz, 2007; Gan
et al., 2017).

Past research has addressed core aspects of WEEE reuse, including collection, transportation,
quality inspection, reassembly, and commercialization, balancing environmental, economic, social,
and technical dimensions (O'Connell et al., 2010; Safdar et al., 2020). However, significant gaps
remain, necessitating a systematic literature review (SLR) to synthesize existing knowledge, explore
development trends, and identify future directions. An SLR offers a rigorous methodology to
consolidate research without bias (Roy et al., 2020).

Existing reviews on e-waste management strategies have predominantly focused on global and
country-specific contexts, addressing generation, collection, reverse logistics, and recycling (Pérez-
Belis et al., 2015; Ismail and Hanafiah, 2020; Govindan and Soleimani, 2017; Zhang and Xu, 2016).
However, studies specifically assessing WEEE reuse remain limited, often concentrating on
consumer behavior and implementation strategies (Singhal et al., 2019; Zlamparet et al., 2017). This
paper aims to fill this gap by providing a comprehensive analysis of WEEE reuse, emphasizing its
potential to revolutionize waste management while contributing to environmental sustainability and

socio-economic development (Anandh et al, 2021).

Unlike conventional solid wastes like household refuse, electronic waste (e-waste) exhibits the dual
characteristics of being both hazardous and resource-rich (llankoon et al., 2018; Oswald & Reller,
2011). E-waste poses environmental challenges due to its toxic components, but it also holds

significant potential for resource recovery. Its metal and non-metal contents are highly recyclable,



especially the valuable metals, whose grades in e-waste are dozens or even hundreds of times
higher than those found in raw ores (Ashiq et al., 2019; Cui & Zhang, 2008).

E-waste contains up to 60 types of metals, including copper, gold, silver, palladium, aluminum, and
iron (Debnath et al., 2018). As of 2017, the economic and material value of e-waste resources was
substantial: iron/steel accounted for 16,500 kilotonnes (kt) valued at €9 billion, copper 1900 kt (€10.6
billion), aluminum 220 kt (€3.2 billion), gold 0.3 kt (€10.4 billion), silver 1.0 kt (€0.58 billion), and
plastics 8600 kt (€12.3 billion) (Baldé et al., 2017). These figures underscore the immense untapped
potential of e-waste as a resource reservoir.

The cost of extracting metals from e-waste is significantly lower than that of mining raw ores, making
recycling not only economically viable but also energy-efficient and environmentally friendly
(Chancerel et al., 2009; Vidyadhar, 2016). Recycling processes for metals such as copper and gold
consume considerably less energy compared to traditional mining, further emphasizing their
ecological benefits (Anand et al., 2013; Khaliq et al., 2014; Thakur & Kumar, 2020).

The total economic value of recyclable resources in e-waste is estimated to be $57 billion USD,
surpassing the gross domestic product of most countries (Forti et al., 2020). This highlights the
enormous economic opportunities that e-waste recycling presents, offering a sustainable approach
to managing electronic waste while addressing resource scarcity and reducing environmental
impact.

Electronic waste (e-waste) contains a range of hazardous substances, including heavy metals like
lead, mercury, and cadmium, as well as persistent organic pollutants such as polychlorinated
biphenyls (PCBs) and brominated flame retardants (He et al., 2017; Quan et al., 2014; Wu et al.,
2015, 2016). When improperly managed or handled illegally, these toxic materials can inflict severe
damage on the global ecosystem and human health (Quan et al., 2015; Tang et al., 2010; Wang et
al., 2011; Zeng et al., 2016). The environmental toll of electronic waste underscores the hidden costs
of the relentless pace of electronic product upgrades (Akram et al., 2019; Gaidajis et al., 2010; Zeng
et al., 2017).

E-waste from high-income nations, where disposal costs are elevated and regulations are stringent,
is often illegally diverted to low- and middle-income countries such as China, India, Ghana, and
Nigeria for recycling (Petridis et al., 2020; Shinkuma & Huong, 2009; Wong, Wu, et al., 2007). In
these countries, the recycling infrastructure is often informal, and workers rely on crude and
hazardous methods to extract valuable materials from the waste. This informal approach has led to
severe and often irreversible harm to local, regional, and global ecosystems (Awasthi et al., 2016a;
Christian, 2017; Terazono et al., 2006; Wong, Duzgoren-Aydin, et al., 2007).

-4-



The growing volume of e-waste, coupled with its rapid increase due to technological advancements,
calls for a deeper understanding of the environmental and health impacts associated with its
recycling. Comprehensive discussions and research on sustainable e-waste management and
advanced recycling technologies are essential to devise effective and scalable solutions (Awasthi et
al., 2019; Ecroignard, 2008; Gaidajis et al., 2010; Widmer et al., 2005). Such efforts would mitigate
the ecological risks of e-waste and pave the way for a more sustainable approach to managing the

ever-growing mountain of discarded electronics.

Definition E-Waste
Currently, there is no universally agreed-upon definition of e-waste, with its interpretation varying

across countries and regions (Kumar et al., 2017; Liu, Tan, Yu & Wang, 2023). The Organization for
Economic Cooperation and Development (OECD) broadly categorizes e-waste as any electrical
appliance that has reached the end of its life cycle (Suja et al., 2014). In the United States, the
Environmental Protection Agency (EPA) classifies e-waste as encompassing bulk electrical
appliances, small electrical appliances, and consumer electronic products (Kahhat et al., 2008).

In Japan, the legal framework for e-waste recycling is robust, governed by laws such as the
Resources Effective Utilization Promotion Law, the Home Appliance Recycling Law, and the Small
Electrical and Electronic Products Recycling Law. These regulations apply to 34 types of electronic
devices, ranging from large appliances like televisions to small items like cellphones (Bo &
Yamamoto, 2010). Similarly, China defines e-waste in its **Administrative Measures for the
Prevention and Control of Environmental Pollution by Electronic Waste** as waste electrical and
electronic equipment and their components generated in daily life or products prohibited by law from
being manufactured or imported. The **Disposal Catalog of Waste Electrical and Electronic Products
(2014 Edition)*™ expanded China's classification of WEEE from 5 to 14 types, covering televisions,
refrigerators, washing machines, air conditioners, computers, cellphones, and more (Duan et al.,
2016).

Europe's **Waste Electrical and Electronic Equipment (WEEE) Directive** offers the most widely
accepted and comprehensive definition of e-waste. It categorizes e-waste as electrical and electronic
equipment, including all parts, sub-parts, and consumables discarded as waste (Shittu et al., 2021).
The WEEE Directive is lauded for its clear attribute definition of e-waste and is considered the gold
standard for e-waste management laws worldwide. First implemented in 2003, the directive defines

ten categories of electrical and electronic equipment. Subsequent amendments have refined the
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classification system, making it highly inclusive and applicable to almost all electrical and electronic
equipment (Mihai et al., 2019).

This diversity in definitions and regulations underscores the need for a standardized global
framework to address the challenges of e-waste management more effectively and consistently.
The chemical composition of e-waste is highly intricate and includes a wide range of materials such
as steel, iron, polymer plastics, non-ferrous metals, glass, wood, plywood, printed circuit boards,
concrete, ceramics, and rubber (Betts, 2008). Among these, iron and steel make up approximately
47 wt%, plastics around 21 wt%, copper about 7 wt%, glass approximately 5 wt%, with the remainder
consisting of other materials (Zeng et al., 2018).

Valuable metals, including nickel, copper, lead, zinc, cobalt, precious metals (gold, silver, palladium,
rhodium, among others), and rare earth elements (samarium, europium, yttrium, gadolinium,
dysprosium), drive the economic incentive for e-waste recycling (Tesfaye, Lindberg, & Hamuyuni,
2017; Yang et al., 2021). For instance, processing one ton of waste printed circuit boards can yield
143 kg of copper, 0.5 kg of gold, 40.8 kg of iron, 29.5 kg of lead, 2.0 kg of tin, 18.1 kg of nickel, and
10.0 kg of antimony (Kolias et al., 2014). Additionally, non-metallic materials like engineering plastics
and glass fibers have significant secondary value (Rajagopal et al., 2017; Sahajwalla & Gaikwad,
2018).

Plastics in WEEE are primarily composed of polymers such as polystyrene, acrylonitrile-butadiene-
styrene, polycarbonate blends, high-impact polystyrene, and polypropylene (Ma et al., 2016). Glass
fibers, found mainly in the resin laminates of circuit boards, are composed of metal oxides like
alumina, potassium oxide, sodium oxide, and calcium oxide (Khan et al., 2022).

E-waste also poses significant environmental hazards due to its content of persistent substances
such as tetrabromobisphenol A and decabromodiphenyl ether, which contribute to its classification
as hazardous industrial waste (Breivik et al., 2016; Herat, 2008; Zeng et al., 2016).

This study introduces an element-level perspective to better comprehend the composition of e-waste
(Fig. 1). The diverse elements within e-waste present distinct challenges for effective recycling.
Based on elemental functions and material applications, e-waste can be categorized into common
metals, precious metals, rare elements, rare earth elements, plastics/biomass, added elements, and
glass fiber/concrete (Liu, Tan, Yu & Wang, 2023).

Plastics and biomass primarily consist of carbon, hydrogen, and oxygen. Added elements such as
fluorine, chlorine, and bromine are often found in compounds like polyvinylidene fluoride, polyvinyl
chloride, and brominated flame retardants. These substances enhance flame resistance or binding

properties but significantly elevate the environmental risks associated with plastic recycling. Low-
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value components, including glass fibers and concrete, are typically composed of aluminum, silicon,
calcium, sodium, and potassium. Due to their limited economic value, these components are often
repurposed for construction materials or directed to landfill disposal after the extraction of high-value
materials (Liu, Tan, Yu & Wang, 2023).

This multi-faceted composition underscores the complexity of e-waste recycling and highlights the
need for advanced, specialized techniques to manage and recover valuable elements effectively

while minimizing environmental impact (Liu, Tan, Yu & Wang, 2023).

Research Gap
Heightened climate change awareness and a growing commitment to environmental protection have

spurred the implementation of sustainable Waste Electrical and Electronic Equipment (WEEE)
management among consumers and producers (Qu et al., 2013). These developments have inspired
researchers to investigate the critical factors facilitating sustainable WEEE management (Bahers
and Kim, 2018; Khetriwal et al., 2009). However, research on this subject has disproportionately
focused on developed economies, while limited attention has been directed towards emerging
economies, where sustainable WEEE management faces unique challenges (Awasthi and Li, 2017;
Kumar and Dixit, 2018a; Nnorom and Osibanjo, 2008; Shumon et al., 2014; Wang et al., 2012; Wath
et al., 2010).

In emerging economies, studies have primarily identified barriers to the implementation of
sustainable WEEE management, such as inadequate infrastructure, regulatory gaps, and lack of
awareness (Awasthi and Li, 2017; Kumar and Dixit, 2018a). Although these challenges are well-
documented, there is a pressing need to identify enablers that can facilitate effective WEEE
management in these regions (Arya and Kumar, 2020; Garlapati, 2016; Ongondo et al., 2011;
Zoeteman et al., 2010). Our literature review highlights the scarcity of research focused on identifying
these enablers, particularly from a holistic, multi-stakeholder perspective (Arya and Kumar, 2020;
Dutta and Goel, 2021; Garg, 2021; Sharma et al., 2020).

Existing studies that aim to identify enablers for sustainable WEEE management often fall short in
several key areas. Most notably, they lack a comprehensive multi-stakeholder approach, which is
critical for fostering the ecosystem required for effective WEEE management. Developing countries
face unique challenges in recycling e-waste and crafting effective policies, requiring the active
involvement of all stakeholders, including governments, manufacturers, and authorized recyclers.
The absence of a multi-stakeholder framework limits the efficacy of existing strategies and

underscores the need for more inclusive research (Kumar, Gaur, Liu & Sharma, 2022).
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The present study makes a significant contribution to the existing body of literature by addressing
these gaps. It identifies crucial enablers for sustainable WEEE management, incorporating insights
from diverse stakeholders. The study employs causal analysis to differentiate between cause-and-
effect enablers, offering a nuanced understanding that can guide the development of effective
policies. By involving key stakeholders—such as government bodies, electronic manufacturers, and
authorized recyclers—the research aims to build a comprehensive framework for sustainable WEEE
management in emerging economies (Kumar, Gaur, Liu & Sharma, 2022).

This multi-stakeholder perspective not only bridges a critical gap in the literature but also provides
actionable insights for policymakers and practitioners. It emphasizes the need for collaborative
efforts to overcome the systemic challenges in WEEE recycling and management, ultimately
advancing the global agenda for environmental sustainability (Shah Khan, Aziz Lodhi, Akhtar &
Khokar, 2014; Goodship, Stevels & Huisman, 2019; Marinello & Gamberini, 2021; Kumar, Gaur, Liu
& Sharma, 2022).
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Literature Study

Overview
Existing research highlights that no single theoretical perspective is sufficient to address the intricate

challenges of implementing sustainable WEEE management practices. As such, many studies have
adopted multiple organizational theories to tackle aspects of sustainable supply chains, reverse
logistics, and environmental collaboration (Kumar and Dixit, 2018a; Sarkis et al., 2011; Vachon and
Klassen, 2008; Zhu et al., 2013). This multi-theoretical approach provides a richer understanding of
the dynamic and interconnected factors influencing these areas. However, Rajeev et al. (2017)
observed that many studies in waste management continue to lack a solid theoretical foundation,
resulting in limited explanatory power (Kumar, Gaur, Liu & Sharma, 2022).

To bridge this gap, this study leverages three theoretical frameworks that collectively rationalize the
key enablers of sustainable WEEE management and offer valuable insights into its complexities.
The selected frameworks include the Natural Resource-Based View (NRBV), Stakeholder Theory
(ST), and Institutional Theory (INT). These frameworks not only provide unique perspectives on the
drivers and barriers to effective WEEE management but also enable a more holistic exploration of
the underlying dynamics (Kumar, Gaur, Liu & Sharma, 2022).

The NRBV focuses on how organizations can gain competitive advantages by leveraging
environmental resources sustainably, providing insights into the resource-oriented aspects of WEEE
management. Stakeholder Theory emphasizes the importance of engaging all relevant parties—
including governments, businesses, and consumers—to align their interests and responsibilities for
sustainable practices. Institutional Theory sheds light on how regulatory, normative, and cultural
pressures shape organizational behavior and drive compliance with sustainable practices. Each of
these frameworks is discussed in detail in the subsequent sections, offering a multi-dimensional lens
to analyze the implementation of sustainable WEEE management (Kumar, Gaur, Liu & Sharma,
2022).

By integrating these theoretical perspectives, the study not only strengthens the analytical foundation
but also addresses critical gaps in the existing literature, paving the way for a more nuanced
understanding of sustainable WEEE management (Kumar and Dixit, 2018a; Sarkis et al., 2011;
Rajeev et al., 2017; Vachon and Klassen, 2008; Zhu et al., 2013).

Natural Resource-Based View (NRBV)
The Natural Resource-Based View (NRBV) theory expands upon the foundational principles of the

resource-based view by incorporating the natural environment as a critical dimension (Hart, 1995).
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It posits that organizations can achieve sustained competitive advantages by effectively integrating
environmental considerations into their core operations and leveraging green resources. Proponents
of this theory assert that fostering partnerships focused on resource recovery and environmental
sustainability is essential for competitive differentiation (Barney, 2001; Barthélemy and Quélin, 2006;
Menguc and Ozanne, 2005; Vachon and Klassen, 2008).

At its core, NRBV emphasizes the development and utilization of green core competencies that
enhance a firm's resources and capabilities. These competencies include eco-design, which
promotes the creation of environmentally friendly products, and green packaging, which reduces
waste and resource consumption. Additionally, NRBV highlights cleaner technologies and green
logistics as pivotal tools for minimizing environmental impact while optimizing operational efficiency.
The concept also extends to product stewardship, which ensures environmental responsibility
throughout a product’s lifecycle, from conception to disposal (Acedo et al., 2006; Lee and Min, 2015).
By embedding these green practices, firms not only strengthen their internal capabilities but also
align themselves with evolving regulatory requirements and consumer expectations for sustainable
practices. The NRBV framework underscores the strategic importance of integrating environmental
considerations into traditional business models, positioning firms to lead in sustainability-driven
markets while fostering long-term ecological and economic resilience (Kumar, Gaur, Liu & Sharma,
2022).

Stakeholder Theory (ST)

Stakeholder Theory (ST) emphasizes the importance of incorporating the interests and contributions
of both internal and external stakeholders in pro-environmental decision-making processes
(Freeman, 2010). This approach recognizes that achieving environmental sustainability requires
collaboration among a diverse group of stakeholders, including suppliers, manufacturers,
consumers, retailers, local communities, green-enabled service providers, media, non-governmental
organizations (NGOs), and regulatory bodies (de Brito et al., 2008).

The theory posits that active stakeholder engagement facilitates the alignment of diverse interests,
enabling organizations to address complex environmental challenges effectively. Hart (1995)
highlights that integrating stakeholders into product recovery and recycling activities serves as a
proactive strategy for managing resources efficiently, conserving natural habitats, and minimizing
waste. By fostering this collaboration, firms can build stronger, trust-based relationships, which in

turn enhance their reputation and operational efficiency (Kumar, Gaur, Liu & Sharma, 2022).
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Moreover, ST underscores that stakeholders play a crucial role in shaping and influencing
organizational policies and practices, particularly in areas such as resource recovery, waste
management, and sustainability-driven innovation. For example, regulatory bodies can drive
compliance with environmental standards, while NGOs and media can amplify awareness and
accountability. Local communities and consumers contribute valuable insights into sustainable
practices, promoting more effective and inclusive decision-making (Kumar, Gaur, Liu & Sharma,
2022).

By embedding stakeholder perspectives into their strategies, firms not only enhance their
environmental performance but also create shared value, reinforcing their competitive position in the
market while addressing broader societal and ecological concerns (Kumar, Gaur, Liu & Sharma,
2022).

Institutional Theory (INT)

Institutional Theory (INT) provides a framework for understanding the adoption of environmental
practices in organizations by highlighting three types of isomorphic pressures: coercive, normative,
and mimetic (DiMaggio and Powell, 1983). These influences shape how organizations align their
practices with external expectations to gain legitimacy, particularly in the context of sustainability and
green operations resilience (Kumar, Gaur, Liu & Sharma, 2022).

e Coercive Pressures: These arise from formal regulations, policies, and mandates imposed
by governments or regulatory bodies. Industries are often compelled to adopt green practices
in their closed-loop supply chain activities to comply with environmental laws and avoid
penalties (Kumar and Dixit, 2018a; Shaharudin et al., 2017). For example, stringent waste
management regulations may enforce the implementation of recycling systems and eco-

friendly disposal methods.

o Normative Pressures: These stem from professional and social expectations, emphasizing
the importance of ethical and sustainable behavior. Normative influences often arise through
industry standards, certifications, and advocacy by environmental organizations,
encouraging firms to voluntarily align with green practices to meet stakeholder expectations
and enhance their reputation.

e Mimetic Pressures: These involve emulating successful environmental practices of peer

organizations, especially under conditions of uncertainty. Mimetic behaviors drive firms to
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adopt innovative sustainability practices observed in leading competitors or industry pioneers

to maintain relevance and competitiveness.

INT explains how these pressures collectively motivate organizations to integrate sustainable
practices, particularly in managing Waste Electrical and Electronic Equipment (WEEE). The theory
posits that focal firms are encouraged to voluntarily collaborate with green partners, recognizing that
such partnerships help achieve both regulatory compliance and social legitimacy (Zhu et al., 2013).
These collaborations support resource recovery, waste minimization, and alignment with institutional
norms, further strengthening the firm's position within its industry resilience (Kumar, Gaur, Liu &
Sharma, 2022).

The rapid advancement of technology and the proliferation of "smart" devices have significantly
increased the production, consumption, and disposal of electrical and electronic equipment (EEE)
worldwide (Kiddee et al., 2013; Ongondo et al., 2011). Between 2016 and 2019, global waste
electrical and electronic equipment (WEEE) generation rose by approximately 20%, with an average
annual growth rate of 6.7%, increasing from 44.7 million tonnes (6.1 kg per capita) to 53.6 million
tonnes (7.3 kg per capita) (Baldé et al., 2017; Forti et al., 2020; de Oliveira Neto et al., 2023).
WEEE, commonly referred to as e-waste, is categorized into ten groups as per the WEEE Directive
(2012/19/EUV): large household appliances, small household appliances, IT and telecommunications
equipment, consumer equipment and photovoltaic panels, lighting equipment, electrical and
electronic tools, toys, leisure and sports equipment, medical devices (excluding implanted and
infected products), monitoring and control instruments, and automatic dispensers (EU, 2012). IT and
telecommunications equipment represent one of the most significant contributors to WEEE, as these
devices have the fastest turnover rates and the shortest lifespans (Betts, 2008; Ongondo et al., 2011;
de Oliveira Neto et al., 2023).

WEEE has a complex and heterogeneous composition, containing hazardous substances such as
cadmium, barium, mercury, polybrominated biphenyls, polychlorinated biphenyls, and brominated
flame retardants, which complicate safe management, particularly in domestic settings. Despite
these challenges, WEEE also contains valuable metals such as gold, silver, copper, platinum, and
palladium, as well as critical raw materials (CRMs), making recycling both economically and
environmentally essential (Cesaro et al., 2018). An effective management system for WEEE must
prioritize minimizing the use of natural resources, reducing the generation of pollutants, and
recovering valuable materials, especially metals and CRMs (Baldé et al., 2017; Isildar et al., 2018;
Gok et al., 2017; de Oliveira Neto et al., 2023).
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In developed nations, WEEE recycling generally occurs within regulated frameworks that ensure
safety and efficiency through all stages, including the refining and recovery of rare and precious
materials (Perkins et al., 2014). In contrast, in many developing countries, the informal sector
dominates WEEE recycling, often relying on unsafe and rudimentary methods (Oliveira et al., 2012;
Ongondo et al., 2011; Tsydenova and Bengtsson, 2011). These practices frequently result in severe
environmental and public health issues due to the presence of toxic heavy metals (Awasthi et al.,
2016; de Oliveira Neto et al., 2023).

Adding to these challenges, developing countries not only manage domestically generated WEEE
but also frequently serve as destinations for e-waste exported from developed nations. This imported
WEEE is often sent for refurbishment, reuse, or recycling under inadequate regulatory oversight
(Baldé et al., 2017; Parajuly and Fitzpatrick, 2020). Addressing the global WEEE crisis necessitates
robust international cooperation, stricter regulations, and the integration of formal recycling practices
to mitigate the environmental and health hazards associated with this growing waste stream (de
Oliveira Neto et al., 2023; Cheshmeh et al., 2023; Bhattacharjee et al., 2023).

The E-Waste Problem

The world is grappling with a monumental e-waste problem, which has emerged as one of the most
pressing environmental and logistical challenges of our time. The volume of unrecycled e-waste on
Earth currently stands at an astonishing 347 million metric tons, highlighting the inadequacies in
global recycling systems. This staggering figure is exacerbated each year by an additional 60 million

metric tons of e-waste generated annually.
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Fig X: The E-Waste Problem

The rapid pace of technological innovation, combined with consumer demand for the latest devices,
has resulted in shorter product lifecycles and a relentless accumulation of discarded electronics.
These items, which include everything from smartphones and laptops to household appliances, often
contain valuable metals and critical raw materials, such as gold, silver, and rare earth elements, that
are lost when devices are not properly recycled. Moreover, the toxic components of e-waste,
including heavy metals like lead and mercury, pose significant risks to human health and the
environment when they are improperly disposed of in landfills or through informal recycling methods.
Despite growing awareness of the e-waste crisis, global recycling rates remain alarmingly low,
leaving a vast reservoir of recoverable materials untapped. This is due to a range of challenges,
including insufficient infrastructure, lack of consumer education, and the economic viability of
recycling processes in comparison to sourcing virgin materials.

Addressing this problem requires coordinated efforts across multiple fronts. Governments must
implement robust policies to enforce recycling standards and incentivize sustainable practices.
Industries need to invest in advanced recycling technologies to improve efficiency and material
recovery rates. Additionally, consumer awareness campaigns can play a pivotal role in fostering
responsible disposal behaviors.

The e-waste crisis is a call to action for the global community to rethink how we design, consume,
and dispose of electronic products. By prioritizing circular economy principles and investing in
sustainable recycling solutions, we can mitigate the environmental impact of e-waste, recover

valuable resources, and pave the way for a cleaner, more sustainable future.
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A Vast Fortune Is Being Ignored: WEEE

A vast fortune in valuable materials and resources is being ignored as the majority of e-waste
worldwide remains unrecycled or improperly managed. Despite the significant environmental and
economic opportunities presented by recycling electronic waste, an overwhelming 83% of all e-waste
is either not processed through official recycling channels or lacks proper documentation, leaving a
staggering amount of potential untapped.

Comparison of Recycling Rates for Materials (2020)

Steel

Aluminium

Paper &
Cardboard

Glass

E-Waste - 18%

Plastic

Fig. X: Comparison of Recycling Rates for Materials

Global e-Waste Monitor 2020
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This immense wastage occurs as discarded electronics are often dumped in landfills or subjected to
dangerous and environmentally destructive practices such as open burning. Such methods not only
squander valuable resources, including precious metals like gold and silver, but also release toxic
substances into the environment. These hazardous emissions, including heavy metals and
persistent organic pollutants, threaten ecosystems and human health, particularly in regions where

informal recycling is prevalent.

The small fraction of e-waste that is currently recycled is insufficient to address the mounting global
e-waste crisis. Recycling facilities, though present in many parts of the world, face challenges such
as limited capacity, outdated technology, and insufficient infrastructure to handle the rapidly growing
volume of discarded electronics. Meanwhile, a lack of public awareness and accessible e-waste
collection points contributes to the low rates of proper recycling.

The failure to recycle e-waste effectively represents not only an environmental disaster but also a
missed economic opportunity. The valuable materials embedded in e-waste could be reclaimed and
reintegrated into manufacturing processes, reducing reliance on mining and lowering the
environmental footprint of raw material extraction. Moreover, the recycling industry has the potential
to generate substantial economic activity and create jobs, further emphasizing the importance of
addressing this issue.

Urgent action is required to rectify this imbalance. Governments, industries, and consumers must
collaborate to strengthen recycling infrastructure, implement stricter regulations, and promote
awareness of proper e-waste disposal practices. By prioritizing recycling and ensuring that e-waste
is managed responsibly, we can unlock the vast fortune hidden within discarded electronics, reduce
environmental harm, and move closer to a circular economy where resources are reused and

preserved for future generations.

The Opportunity Cost of Unrecovered Critical Raw Materials
The opportunity cost of unrecovered critical raw materials is becoming increasingly significant in

today’s rapidly advancing technological landscape. In 2022 alone, approximately 5.3 billion mobile
phones were taken out of circulation, either discarded or “hoarded” in drawers and storage spaces.
These devices represent a vast and untapped reservoir of critical raw materials (CRMs) essential for
modern industries, including gold, silver, copper, rare earth elements, and other valuable

components.
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When mobile phones are not properly recycled, the raw materials they contain remain locked away,
contributing to the growing scarcity of essential resources. The extraction of these materials through
mining is not only expensive but also environmentally destructive, involving significant energy
consumption, habitat disruption, and carbon emissions. Every unrecovered mobile phone thus
represents not just a missed economic opportunity but also an increased burden on natural
ecosystems.

The scale of this lost potential is staggering. With billions of phones discarded annually, the
cumulative value of unrecovered CRMs runs into billions of dollars. Furthermore, these materials are
vital for manufacturing renewable energy technologies, electric vehicles, and advanced electronics.
Without efficient recovery and recycling, industries will face rising costs, supply chain vulnerabilities,

and geopolitical challenges associated with securing CRMs.
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Fig.: The Opportunity Cost of Unrecovered Critical Raw Materials
Market value as of March 6 2023 of just the four most common precious metals contained in mobile
phones https://telecom.economictimes.indiatimes.com/news/5-3-billion-cell-phones-to-become-

waste-in-2022-report/94842635

Addressing this issue requires a shift in both policy and public behavior. Governments must

implement stronger incentives for recycling and establish robust systems for the collection and

processing of e-waste. Meanwhile, manufacturers and technology companies have a role to play in

designing devices that are easier to disassemble and recycle. Public awareness campaigns can
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encourage consumers to return their old devices rather than hoarding them, enabling their
reintegration into the supply chain.

Ultimately, by recovering CRMs from discarded electronics, we can reduce reliance on
environmentally harmful mining, stabilize supply chains, and unlock significant economic value.
Embracing a circular economy approach to e-waste management is not just an environmental

imperative—it is an economic opportunity too valuable to ignore.

How Can We Meet Demand for Critical Raw Materials
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Fig.: How Can We Meet Demand for Critical Raw Materials

Own research

Urban Mining Presents a Unique Opportunity to Satisfy Demand for CRM

Urban mining offers an unprecedented opportunity to meet the growing demand for critical raw
materials (CRMs) while addressing the escalating challenge of e-waste management. By reclaiming
valuable resources such as gold, silver, copper, and rare earth elements from discarded electronics,
urban mining can create a sustainable supply chain that reduces dependence on traditional mining
operations.

The potential for urban mining to scale is significant. With safe and scalable turnkey solutions, it is
feasible to process up to 1 million tonnes of e-waste by 2030 and an ambitious 10 million tonnes by

2050. These solutions leverage advanced technologies, such as automated material recovery, Al-
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driven sorting systems, and environmentally friendly chemical processes, to efficiently extract CRMs
from complex electronic waste streams.

The benefits of urban mining extend beyond resource recovery. It minimizes the environmental and
social impacts associated with traditional mining, such as deforestation, water pollution, and
exploitation of labor in resource-rich regions. By converting waste into valuable resources, urban
mining also contributes to the circular economy, ensuring that materials are reused and recycled,
thereby reducing landfill waste and greenhouse gas emissions.

Achieving these goals requires collaboration between governments, industries, and research
institutions. Policies that incentivize e-waste collection, investments in recycling infrastructure, and
public-private partnerships will be crucial. Furthermore, urban mining initiatives must address the
informal e-waste recycling sector, particularly in developing countries, by integrating it into formal

systems that prioritize safety, efficiency, and environmental standards.
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Fig. X: Urban Mining Presents a Unique Opportunity to Satisfy Demand for CRM
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Urban mining represents a transformative solution for a sustainable future. By harnessing the
potential of e-waste, it not only meets the growing global demand for CRMs but also aligns economic
growth with environmental stewardship. As we look toward 2050, urban mining can serve as a

cornerstone for achieving a resource-efficient and environmentally responsible global economy.

Current European Processing Capacity Is Inadequate to Process Supply
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The current European processing capacity for e-waste is insufficient to handle the growing supply,
posing significant challenges to sustainable waste management and resource recovery. The three
largest e-waste processing facilities in Europe collectively manage just over 750,000 tonnes
annually, highlighting a substantial gap between processing capabilities and the volume of e-waste
generated. Estimates suggest that the total processing capacity across the continent does not
exceed 1.5 million tonnes per year.

This capacity shortfall is alarming when juxtaposed with the increasing generation of e-waste, driven
by rapid technological advancements, shorter product lifespans, and consumer demand for new
devices. Europe generates millions of tonnes of e-waste annually, far surpassing its ability to recycle

and recover critical raw materials (CRMs) such as gold, silver, and rare earth elements effectively.
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Fig. X: Current European Processing Capacity Is Inadequate to Process Supply
Estimates provided by UN and E-Waste Monitor; Supply -Demand Gap is an estimate based on our
own research of likely future available capacities

The consequences of this imbalance extend beyond environmental degradation. The insufficient
processing infrastructure results in a significant loss of valuable resources that could be reclaimed
through urban mining. Moreover, it increases reliance on exporting e-waste to countries with less
stringent environmental and labor regulations, exacerbating global inequities and environmental

challenges. Addressing this capacity deficit requires a multi-faceted approach:
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1. Investment in Infrastructure: Expanding and modernizing processing facilities is critical to
closing the gap between supply and capacity. Advanced recycling technologies and
automated material recovery systems can enhance efficiency and throughput.

2. Policy Support: Governments must implement policies that incentivize e-waste collection,
recycling, and investment in processing infrastructure. These policies could include tax
incentives, subsidies, or public-private partnerships.

3. Regional Collaboration: European nations must collaborate to create a unified approach to
e-waste management, pooling resources and expertise to address capacity constraints.

4. Innovation in Recycling: Research and development into cutting-edge technologies, such as
Al-driven sorting and hydrometallurgical extraction methods, can improve resource recovery
rates and reduce environmental impacts.

5. Public Awareness and Collection Programs: Encouraging consumers to participate in e-
waste recycling through accessible collection programs and awareness campaigns can
ensure a steady supply of recyclable materials.

By addressing these challenges, Europe can move closer to establishing a robust and sustainable
e-waste recycling ecosystem, maximizing resource recovery, reducing environmental harm, and

solidifying its role as a leader in circular economy practices.

Profitable Urban Mining Requires Moving Up Along the Value Chain

Profitable urban mining hinges on advancing along the value chain for e-waste recycling, enabling
economic regions to maximize resource recovery and generate higher value outputs. To fully
capitalize on the opportunities presented by urban mining, all major economic regions must transition
from their current positions in the value chain to develop and strengthen their refining and production
capabilities. This approach ensures that the full economic and environmental potential of e-waste

recycling is realized.
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The value chain for e-waste recycling consists of four critical stages:

1. End of Life for Electronic Products*

The process begins with the collection of electronic products that have reached the end of their
useful life. Effective take-back schemes, extended producer responsibility (EPR) programs, and
consumer awareness initiatives are essential to ensure the steady flow of e-waste into the recycling

system.

2. Disassembly and Separation of Components

Once collected, e-waste is disassembled to separate key components, such as circuit boards,
batteries, and other valuable parts. Advanced sorting and mechanical processes help isolate critical
materials like metals, plastics, and glass. Technologies such as Al-assisted sorting and robotic

disassembly improve the efficiency and precision of this stage.

3. Refining and Smelting of Shredded E-Waste

The separated e-waste components are then shredded and subjected to refining and smelting
processes. These processes recover critical raw materials (CRMs) such as gold, silver, copper,
palladium, and rare earth elements. Developing localized refining facilities reduces dependency on

international supply chains, lowers transportation costs, and minimizes carbon footprints.
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4. Production of New Products Based on Recycled Raw Materials
The recovered materials are reintegrated into manufacturing processes to produce new electronic
products or other goods. This stage represents the culmination of a circular economy, where

resources are reused to minimize waste and reduce the extraction of virgin materials.

Advancing the Value Chain: Key Steps

- Investment in Refining Infrastructure: Governments and private entities must invest in state-of-the-
art refining facilities capable of handling complex e-waste compositions and achieving high recovery
rates.

- Technology Innovation: Developing and deploying cutting-edge recycling technologies, such as
hydrometallurgical methods and electrochemical processes, will enhance the efficiency of material

recovery.

- Regulatory and Policy Support: Policies that incentivize local refining and production capabilities,
including tax breaks and subsidies, will encourage the development of a robust value chain.

- Partnerships and Collaboration: Public-private partnerships and international collaborations can
facilitate knowledge sharing and resource pooling to optimize urban mining processes.
- Workforce Development: Training programs to build a skilled workforce adept at managing
advanced recycling technologies and processes will be critical for sustained growth in urban mining.
Moving up along the value chain not only increases profitability but also supports environmental
sustainability and resource independence. By prioritizing the development of refining and production
capabilities, economic regions can establish a competitive advantage, create new jobs, and reduce

their reliance on virgin material extraction, contributing to a more resilient and circular economy.

Urban Mining is a Safe, Scalable Alternative to Raw Material Extraction

Urban mining offers an innovative and sustainable solution to the challenges posed by the growing
demand for critical raw materials (CRMs) and the environmental costs associated with traditional
mining practices. By recovering valuable metals and materials from spent, obsolete, or discarded
products, urban mining reduces reliance on virgin material extraction and minimizes environmental

degradation.
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Fig. X: Urban Mining is a Safe, Scalable Alternative to Raw Material Extraction
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What Is Urban Mining?

Urban mining involves the recovery of valuable metals, such as gold, silver, copper, palladium, and
rare earth elements, from end-of-life products through mechanical, thermal, or chemical processes.
Unlike traditional mining, urban mining is conducted in controlled environments, ensuring that
inhabitants and ecosystems remain unharmed. This approach is particularly significant in managing
the lifecycle of electronic waste (e-waste), where a substantial proportion of valuable materials

remains untapped.

End-of-Life E-Waste Lifecycle

The lifecycle of e-waste provides a structured framework for urban mining:

1. **Collection and Aggregation**: Discarded electronic products are collected through take-back
schemes, recycling centers, or municipal programs.

2. **Disassembly and Separation**: E-waste is dismantled to extract valuable components such as
printed circuit boards, batteries, and other high-value parts.

3. **Shredding and Processing**: Mechanical processes, such as shredding, pulverizing, and
sieving, reduce the waste into manageable fractions, segregating metals, plastics, and glass.

4. **Material Recovery**: Thermal, hydrometallurgical, and electrochemical techniques are
employed to recover critical metals and non-metallic fractions.

5. **Reintegration into Production**: Recovered materials are reintroduced into the supply chain to

manufacture new products, ensuring a circular economy.
-24 -



Why Urban Mining Matters

1. **Environmental Sustainability**: Urban mining significantly reduces the ecological footprint by
decreasing the need for raw material extraction, which often leads to deforestation, habitat
destruction, and pollution.

2. **Resource Efficiency**: E-waste contains higher concentrations of valuable metals compared to
natural ores, making urban mining a more efficient and cost-effective option.

3. **Safety and Scalability**: Urban mining employs advanced technologies that ensure the safety
of workers and residents while scaling to meet increasing demand for raw materials.

4. **Economic Viability**: With proper investment and technological advancement, urban mining
provides a lucrative alternative to traditional mining, reducing transportation and processing costs.
5. **Circular Economy**: By recovering and reusing materials, urban mining supports a sustainable
economy where resources are continually cycled, reducing waste and conserving finite natural

resources.

Challenges and Opportunities

While urban mining is a promising alternative, challenges such as the need for advanced
infrastructure, regulatory support, and public awareness remain. However, the growing global e-
waste problem and the pressing need for CRMs make urban mining an essential strategy for future
resource management.

Investing in urban mining technologies and fostering collaborations between governments,
industries, and research institutions will enable this safe and scalable solution to become a
cornerstone of sustainable development. Through urban mining, society can move closer to
achieving a circular economy, addressing resource scarcity while protecting the environment and

communities.

Supply Chain for Recycled Metal-Containing Products Can be Optimized
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Fig. X: Supply Chain for Recycled Metal-Containing Products Can be Optimized
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Urban Mining in the EU

Urban Mining in the EU: A Strategic Opportunity Under the Critical Raw Materials (CRM) Act

Urban mining represents a significant near-term opportunity for the European Union (EU) to address
its critical raw materials (CRM) dependency while advancing sustainability and economic resilience.
The EU's proposed **Critical Raw Materials Act**, unveiled on March 16th, underscores the
importance of CRMs in achieving strategic objectives related to green, digital, defense, and space
technologies. This initiative establishes a framework to strengthen the EU's CRM supply chain, boost

recycling rates, and promote circularity.
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Defines List of Critical Raw Materials (see sidebar)
e Determines list of strategic raw materials that are

most crucial for strategic technologies used for the
a green, digital, defence and space applications

Addresses administrative burden / access to finance

e streamlines procedures and sets shorter permitting
timeframes for EU CRM projects

eo ensures high social and environmental protection

Sets benchmarks by 2030 for domestic capacities

e atleast 10% of the EU’'s annual consumption for
extraction

e atleast 40% of the EU’s annual consumption for
processing

e atleast 15% of the EU’'s annual consumption for
recycling

e no more than 65% of the EU’s annual consumption
from a single third country

Ensures supply chain resilience, preparedness and

risk mitigation

e creates critical raw materials supply chain monitoring
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Improves sustainability and circularity of critical raw materials on the EU market
e Sets requirements on recyclability and recycled content

Mandates collection and reuse of CRM-rich waste into secondary materials
Stipulates that CRM-rich waste must be recycled in EU countries

Incentivises large-scale recycling of permanent magnets

Fig. X: Urban Mining in the EU is a Compelling Near-Term Opportunity

Own research on EU documents

Key Provisions of the Critical Raw Materials Act

1. **Defining Critical Raw Materials**

The Act identifies strategic raw materials essential for key technologies in green energy, digital

transformation, defense, and space applications. By prioritizing these materials, the EU aims to align

its industrial and environmental policies with long-term strategic goals.

2. **Reducing Administrative Barriers and Improving Access to Finance**

The Act seeks to streamline bureaucratic procedures, easing the path for investments in CRM

extraction, processing, and recycling. It also enhances access to financing, mitigating risks and

encouraging private and public investments.

3. **Setting Domestic Capacity Benchmarks by 2030**

The Act sets ambitious targets to bolster CRM capacities within the EU:

- **Extraction**: At least 10% of the EU’s annual consumption will be sourced domestically.

- **Processing**: At least 40% of the EU’s annual consumption will be processed within the EU.
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- **Recycling**: At least 15% of the EU’s annual consumption will be met through recycling efforts.

4. **Ensuring Supply Chain Resilience and Risk Mitigation**
To safeguard supply chain stability, the Act introduces measures such as:
- Monitoring and stress-testing the CRM supply chain for vulnerabilities.
- Coordinating strategic stockpiles to manage disruptions.
- Mandating that no more than 65% of the EU’s annual consumption comes from a single third

country, reducing dependency on non-EU sources.

5. **Promoting Sustainability and Circularity**
Sustainability is central to the Act, with mandates to:
- Enhance the recyclability and recycled content of CRM-rich products.
- Ensure CRM-rich waste is collected, reused, and recycled within EU borders.
- Incentivize large-scale recycling, particularly of permanent magnets, a key component in green

and digital technologies.

The Case for Urban Mining in the EU

Urban mining aligns seamlessly with the EU's CRM strategy by addressing the growing e-waste
problem while tapping into a reliable source of valuable secondary raw materials. With the Critical
Raw Materials Act emphasizing the importance of recycling and circularity, urban mining offers a

pathway to achieve the set benchmarks, reduce environmental impact, and foster innovation.

e **Strategic Recycling Goals**: By mandating that 15% of CRM needs are met through recycling,
the Act creates a robust market for urban mining technologies that can process CRM-rich waste
efficiently.

e **Supply Chain Independence**: Urban mining reduces reliance on imports, aligning with the
goal to limit dependency on any single third country.

¢ **Economic and Environmental Benefits**: Urban mining supports green jobs, reduces carbon

footprints associated with raw material extraction, and promotes the circular economy.

The Critical Raw Materials Act provides a unique opportunity for the EU to lead in CRM innovation
and sustainability. Urban mining, with its potential to recover valuable materials from e-waste and

CRM-rich waste, is poised to become a cornerstone of this strategy. By investing in advanced
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technologies and fostering collaboration among governments, industries, and research institutions,

the EU can achieve its ambitious benchmarks while securing a competitive and sustainable future.

Critical Raw Materials according to the EU

The EU's List of Critical Raw Materials (CRM) serves as a foundational tool to inform and support
policy development across multiple domains. This list is instrumental in guiding trade negotiations,
addressing trade distortions, and identifying investment priorities. It also shapes research and
innovation efforts under the EU’s flagship programs such as **Horizon 2020** and **Horizon
Europe™*, alongside national initiatives, particularly in areas such as advanced mining technologies,
material substitution, and recycling. Moreover, the CRM list aligns closely with the **circular
economy** objectives, promoting sustainable and responsible sourcing practices while influencing
broader industrial policies. For EU Member States and private companies, the list provides a

standardized reference framework for developing tailored criticality assessments.

Antimony Hafnium Phosphorus
Baryte Heavy Rare Earth Elements Scandium
Beryllium Light Rare Earth Elements Silicon metal
Bismuth Indium Tantalum
Borate Magnesium Tungsten
Cobalt Natural Graphite Vanadium
Coking Coal Natural Rubber Bauxite
Fluorspar Niobium Lithium
Gallium Platinum Group Metals Titanium
Germanium Phosphate rock Strontium

Fig. X: Critical Raw Materials according to the EU
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52020DC0474&from=DE

The evolution of the list highlights the EU's proactive response to shifting economic and industrial
demands. Since its inception in 2011, when it identified 14 critical materials, the list has expanded
to include **20 materials in 2014**, **27 in 2017**, and **30 in 2020**. Among the materials, **26
have remained on the list** consistently, reflecting their sustained critical importance. However, the
2020 iteration introduced **bauxite, lithium, titanium, and strontium** as newly recognized critical

materials, underscoring the EU's commitment to addressing emerging strategic needs.
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While **helium** has been removed from the critical list due to its decreased economic significance,
it remains an area of concern due to supply concentration challenges and its critical role in emerging
digital technologies. The Commission plans to continue monitoring helium closely to anticipate
potential supply disruptions. Similarly, **nickel** will be under watch due to the projected surge in
demand for raw materials essential to battery production, a sector crucial for green energy
transitions.

In summary, the EU's CRM list not only addresses immediate industrial and policy concerns but also
provides a forward-looking framework that enables member states, industries, and researchers to
navigate the complex interplay of resource criticality, sustainability, and economic growth. It ensures

that the EU remains resilient and competitive in a resource-constrained global economy.

The following table is showing the raw materials used in key technologies for the digital and green
transitions, and their relative supply risk
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Fig. X: raw materials used in key technologies for the digital and green transitions
Own research

Factors Affecting E-Waste Recycling

1. Heightened Awareness and Regulatory Measures
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Governments worldwide are increasingly recognizing the pressing need for stringent regulations to
manage electronic waste effectively. Many countries are implementing robust laws and policies to
ensure the proper disposal and recycling of e-waste. This regulatory push is expected to raise public
awareness, encouraging individuals and organizations to adopt more sustainable practices. The
result will likely be a collective commitment to minimizing e-waste through proper disposal and
recycling.

2. Technological Advancements in Recycling

Continuous advancements in technology are paving the way for more efficient and effective e-waste
recycling methods. Innovations such as artificial intelligence (Al) and machine learning (ML) are
being explored to automate the identification and sorting of e-waste materials. These technologies
have the potential to significantly enhance the speed and accuracy of recycling processes, enabling
the recovery of valuable materials with minimal environmental impact.

3. Increased Investment in Recycling Infrastructure

Growing concerns over the environmental consequences of e-waste are driving increased
investment in recycling facilities and cutting-edge technologies. This financial commitment is
expected to expand the capacity of recycling operations, resulting in a more streamlined and efficient
recycling process. Enhanced infrastructure and technological adoption will be crucial for addressing
the escalating volume of electronic waste globally.

4. Adoption of Circular Economy Models

The adoption of circular economy principles is emerging as a transformative trend in e-waste
management. This model emphasizes minimizing waste and maximizing resource efficiency by
designing products with repairability, reusability, and recyclability in mind. By extending the lifecycle
of electronic products, the circular economy aims to reduce the generation of e-waste and increase
the volume of materials successfully recycled. Such an approach not only conserves resources but
also mitigates environmental degradation.

The future of e-waste recycling lies at the intersection of increased awareness, regulatory
frameworks, technological innovation, investment, and sustainable design principles. These trends
collectively promise a more efficient and environmentally responsible approach to managing

electronic waste, aligning with global sustainability goals.

Market Analysis
Critical Raw Materials (CRM) have become as vital to the modern economy as oil and gas were to

the 20th century, marking a pivotal shift in global resource dependency. These materials are
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indispensable for advanced manufacturing, renewable energy technologies, and consumer
electronics. However, securing a reliable and sustainable supply of CRMs presents one of the most
pressing environmental, logistical, and geopolitical challenges of our era. Their scarcity and uneven
geographical distribution have created a strategic imperative for nations and industries to develop
robust supply chains and innovative recovery systems.

~ 75 millions tonnes of
e-waste is discarded,
depleted or obsolete

SAM: 15mt

~300 facilities*

Fig 1: Market for WEEE

Own research

Currently, existing facilities for CRM recovery are operating at or near full capacity, unable to keep
up with the increasing demand. For instance, in the European Union, raising the CRM recycling rate
by just 5% would require the construction of dozens of new, cutting-edge recovery facilities. This
underscores a critical bottleneck in the supply chain that demands urgent attention and substantial
investment. Without expanding recovery capacity, the EU and other regions risk falling short of their
sustainability goals, exacerbating reliance on imports and vulnerable supply chains.

Expanding CRM recovery infrastructure comes with significant economic and financial hurdles.

Developing new facilities requires considerable capital investment, and private enterprises often face
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high financial risks. Access to financing, coupled with state subsidies, is essential to alleviate these
barriers. Governments must step in to provide financial support, spreading the risk and reducing
upfront costs for investors. Once operational, these facilities create a wide economic moat, offering
a competitive advantage by ensuring a stable supply of recovered and refined CRMs. This financial
strategy will not only incentivize private investments but also secure long-term benefits for the
economy and the environment.

The demand for recovered and refined CRMs is relentless and multifaceted, driven by a wide range
of industries including automotive, electronics, energy, and aerospace. This multichannel demand is
expected to grow unabated as the global economy transitions towards renewable energy and digital
technologies. Meeting this demand sustainably will require a concerted effort to enhance CRM
recycling rates, improve recovery technologies, and integrate circular economy principles into the
industrial ecosystem.

The challenges associated with CRM supply are not insurmountable but require a global, multi-
stakeholder approach. Governments, industries, and financial institutions must collaborate to build
resilient and sustainable supply chains. By addressing capacity constraints, incentivizing investment,
and innovating recovery methods, the world can ensure a secure and sustainable CRM supply. This
approach not only supports technological and economic advancement but also mitigates the

environmental and geopolitical risks associated with critical resource dependency.

The Supply of many Critical Raw Materials

The supply chain for critical raw materials (CRMs) within the European Union is marked by significant
dependency on a few key global suppliers, creating vulnerabilities that could disrupt industrial and
technological development. A striking example is **China**, which provides an overwhelming **98%
of the EU’s supply of rare earth elements (REE)**. These elements are indispensable for advanced
technologies, including renewable energy systems and electronics, making this reliance particularly
concerning.

Similarly, **Turkey** accounts for **98% of the EU’s borate supply**, a material essential in
applications ranging from glass and ceramics to agriculture and detergents. **South Africa**, another
pivotal supplier, fulfills **71% of the EU’s demand for platinum**, an element crucial for catalytic
converters and hydrogen fuel cells. Additionally, South Africa supplies an even larger proportion of
the platinum group metals (PGMs) **iridium, rhodium, and ruthenium**, all of which are vital for high-

tech and green energy applications.
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Fig. X: Biggest supplier countries of CRMs to the EU
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52020DC0474&from=DE

Every G20 Economy Generates At Least 1 Million Tonnes Per Year

Comparison of E-Waste Generation (2018) E-Waste Generation Selected Countries (2019)
Country E-Waste Produced (million tonnes)
i China 10.1
B Megatonnes Kg per Capita USA 6.9
India 3.2
162 161 Japan 2.6
A 133 Brazil 2.1
b Russia 1.6
Indonesia 1.6
56 Germany 1.6
5 UK 1.6
Americas Europe Asia Arical %ania France 1.4

Fig. X: Every G20 Economy Generates At Least 1 Million Tonnes Per Year
E-Waste Monitor (2020)

The EU’s dependency extends beyond countries to individual companies. For example, the supply

of **hafnium**, a material used in microprocessors and nuclear reactors, and **strontium**,
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employed in ceramics and pyrotechnics, is managed by single EU companies, adding another layer
of risk.

This high level of supply concentration underscores the EU's strategic need to diversify its sourcing,
increase recycling capabilities, and invest in alternative supply chains. It also highlights the
importance of the EU's **Critical Raw Materials Act**, which aims to reduce dependency on singular

sources and ensure resilience in supply chains for these indispensable materials.

The Opportunity to Serve Large Markets with Low Recycling Rates

Regional Comparison of E-Waste Recycling Rates

Estonia 13 76%

Global Norway 99 72%
Average Sweden 141 70%
Austria 116 69%

Amerlzz Switzerland 123 63%
Finland 65 61%

Ireland 52 59%

UK 871 57%

el France 763 56%
Germany 836 52%

Africa I 0.90% Japan 565 22%
China 1,621 16%

: USA 1,038 15%
Sl Indonesia 16 1%
Brazil 21 1%

India 32 1%

The Opportunity to Serve Large Markets with Low Recycling Rates
e-waste Monitor 2020

Competitive Landscape: Selected Market Players
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Pos. Competitor Revenue/Size
1 Aurubis 11,000

1.1 Metallo (Arubis 5/19) 1,000

3.1 AGOSI 900
Heimerle & Meule 500
KME/MKM 3,500
Saxonia-Gruppe 500
KGHM 5,000
Atlantic Copper (US) 14,000

12 QUEST (2026-27) 200
13 Mueller Industries 2,000
14 Wolverine Tube 3,000 *
15 ESG Handel Dealer WEEE

16 Vacambi (Kreditanstalt) 150

Fig. X: Ranking of selected market players

Own research
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Refineries in Europe
The number of e-waste recycling facilities in Europe is still relatively small compared to the amount

of electronic waste generated in the region, and there is still much work to be done to ensure that e-

waste is properly managed and recycled.

Aurubis, Hamburg

Umicore: This Belgian company has several facilities in Europe that specialize in recycling
e-waste, including plants in Germany, Belgium, and the UK. Umicore recovers valuable
materials such as copper, gold, and silver from e-waste, and also produces cobalt and nickel
compounds.

Sims Recycling Solutions: Sims has several e-waste recycling facilities throughout Europe,
including plants in the UK, Germany, Austria, and the Netherlands. The company recycles a
variety of electronic devices, including computers, smartphones, and televisions.
Enviroserve: Enviroserve operates an e-waste recycling facility in Dubai, but also has a

facility in the UK that specializes in recycling refrigerators and other cooling appliances.
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¢ AERC Recycling Solutions: This company has a facility in the UK that recycles a variety of
e-waste materials, including circuit boards, batteries, and light bulbs.
e Montalbano Recycling: Montalbano operates an e-waste recycling facility in Italy that

specializes in recycling refrigerators and other cooling appliances.

Selected Case Studies in WEEE

Igneo

Igneo, established in 2014 through the acquisition of a smaller facility, was acquired for $442 million
in late 2022. The company specializes in producing metal concentrates, which are subsequently
sent to smelting partners for refining into industrial-grade inputs.

The company operates a single facility located in northern France, near Calais, which has a
processing capacity of 30,000 tonnes annually. On average, this plant processes around 25,000
tonnes per year, utilizing multiple shredders and a single furnace.

Expansion plans are underway, with a second facility set to open in Savannah, Georgia, in 2024.
This new plant is designed to produce 45,000 tonnes of copper concentrate annually from an input
of 90,000 tonnes, significantly scaling up Igneo's production capabilities.

Headquartered in White Plains, New York, Igneo is positioning itself as a key player in the e-waste
recycling and metal recovery sector, leveraging strategic growth and operational efficiency to meet

increasing demand.

Tozero

In September 2022, Tozero, a Munich-based lithium-ion battery recycling startup, secured €3.5
million in pre-seed funding. The company claims to be the first European startup capable of recycling
up to 97% of the *Black Mass* from lithium-ion batteries (LiBs), including the recovery of lithium
through a proprietary hydrometallurgical or chemical leaching process. This innovative approach
positions Tozero at the forefront of sustainable battery recycling technology.

The startup is now focusing on scaling its groundbreaking process, with an ambitious plan to
establish its first commercial-scale plant by 2030, boasting a capacity of 30,000 tonnes per year.
This marks a significant step toward addressing the growing demand for effective and sustainable
battery recycling solutions in Europe.

Tozero's research and development activities are rooted in the expertise of RWTH Aachen

University’s Institute for Process Metallurgy and Metal Recycling (IME). Under the guidance of
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Professor Bernd Friedrich, who serves as a technical advisor, the startup has conducted over 70
successful lab tests, validating its recycling technology.

Founded in Munich by Sarah Fleischer and Ksenija Milicevic Neumann, Tozero has attracted
prominent investors, including Atlantic Labs, Verve Ventures, and Possible Ventures. The venture is
further bolstered by the support of former VW board member Jochem Heizmann and the co-founders
of Personio and FINN, who bring invaluable industry expertise and strategic insight to the company.
With its cutting-edge technology, strategic partnerships, and a clear vision for scaling its operations,

Tozero is poised to become a key player in the European lithium-ion battery recycling landscape.

Metcycle

In March 2023, Metcycle, a startup focused on digitizing global metal recycling, secured €1.5 million
in pre-seed funding. The company aims to revolutionize the fragmented global industry of secondary
raw materials trade by offering a seamless digital sales channel that ensures product quality,
streamlines ordering, and simplifies shipment processes. By addressing inefficiencies in this vast
and decentralized market, Metcycle seeks to build trust among stakeholders and facilitate faster,

more reliable transactions.

Metcycle’s innovative approach targets a critical gap in the recycling industry: the lack of a unified,
transparent platform for trading secondary raw materials. By leveraging digital technology, the
company aims to standardize processes, enhance trust, and enable smooth international trade,

making it easier for businesses to source and supply recycled materials efficiently.

The funding round drew the attention of prominent investors, including Poland-based Market One
Capital and the Netherlands-based Dutch Founders Fund, along with experienced angel investors.
Among these are Tom Bird, a recycling industry veteran and former officer of the Bureau of
International Recycling (BIR), and Louis Pfitzner, a Berlin-based entrepreneur and investor. Their
support underscores the industry’s confidence in Metcycle's mission to modernize and streamline
global metal recycling.

With this financial backing, Metcycle is well-positioned to drive digital transformation in the recycling
sector, setting the stage for a more connected, efficient, and sustainable global trade ecosystem for

secondary raw materials.
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Adette Metal Recovery

The collection and dismantling of e-waste plays a vital role in the process of recycling Additionally,
the processes act as an enabler for easier processing of e-waste. Rare earth elements (REE) such
as lanthanum, precious metals like gold and silver, along with other metals like tin, copper, and lead,
hold significant market value. Startups develop innovative solutions to dismantle and segregate
these metals from e-waste. This establishes circular systems for metal recovery and recycling.
Indian startup Adatte uses hydrometallurgy and pyrometallurgy to recycle PCBs. The startup’s
process automates the whole operation except for material movement. With the help of specialized
machinery for metal recovery, the startup extracts various metals from plastic and epoxy powder.
The fumes from the processing of e-waste are treated with ultraviolet systems and scrubbers. Lastly,

the effluent treatment plant processes the effluents with the zero liquid discharge (ZLD) process.

Recy-Call End-of-Life Electronics

Mining for precious metals, gold, and silver from used electronics is one of the methods of recycling
e-waste that also reduces the pressure on virgin mining at the same time. The urban mining potential
in electronic waste from underdeveloped regions provides immense benefits for the community as a
whole. Startups take on social projects to help struggling communities by converting e-waste into
recycled products.

Belgian startup Recy-Call provides e-waste recycling solutions for emerging countries in Africa. The
startup collects end-of-life electronics, such as smartphones, and recycles them to create value while
retaining positive long-term social and environmental impact. Recy-Call’'s urban mining strategies

also enable green and safe job creation for waste collectors in low-income nations

EnviroLeach Technologies

Increasing demand for the latest electronic gadgets leaves a trail of e-waste that is fast becoming
an environmental concern in many countries. Traditional disposal methods, such as landfills, are
harmful due to the non-biodegradable nature of the plastics and metals that constitute printed circuit
boards. Advancements in waste processing methods enable startups to segregate and repurpose
e-waste into useful products in a safe and environmentally-friendly way.

Canadian startup EnviroLeach Technologies develops EnviroLeach, an eco-friendly recycling
process for used printed circuit boards (PCBs). The startup’s technology enables the effective
extraction of target metals from PCBs such as copper, lead, and aluminum. EnviroLeach utilizes a
hydrometallurgical extraction process that also reduces carbon dioxide emissions. The startup’s

electrochemical processing technology operates at ambient pressure and temperature
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Production Process

Dissemly of Critical Raw Materials as a Critical Process Step

In e-waste recycling, discarded electrical appliances are collected, categorized, and transported to
specialized facilities where key components like plastic casings, wires, and Printed Circuit Boards
(PCBs) are dismantled and sorted. Advanced disassembly techniques are employed to isolate value-
embedded components, preserving materials at their highest economic value. However, the diversity
and complexity of Waste Electrical and Electronic Equipment (WEEE) pose significant challenges to
classification and dismantling, requiring substantial human labor to manage these processes
effectively (Matsuto, Jung & Tanaka, 2004),

Dismantled components are then sent to appropriate facilities for reuse or recycling, depending on
their condition and potential for recovery. The overarching goal is to maximize the residual value of
WEEE by efficiently converting discarded items into reusable materials for manufacturing, all while
minimizing costs. This approach supports sustainable recycling practices by ensuring precise

material recovery and reducing environmental impact (Kopacek, 2016; Lu, Pei & Peng, 2023).

Manual Disassembly in WEEE Recycling

Manual disassembly involves the use of hand tools and techniques to dismantle objects or
equipment. Operators must carefully examine and identify each component and its connections to
other parts. This process requires specialized training to master the safe use of various tools and
adhere to proper safety precautions. In the Waste Electrical and Electronic Equipment (WEEE)
dismantling industry, manual disassembly is widely utilized for handling a range of electronic devices,
such as computers, mobile phones, and tablets. Skilled workers manually separate and classify
materials from these devices for reuse or recycling. Despite its value in effectively isolating
components and materials, manual disassembly presents notable challenges. Safety risks for
workers, along with high labor costs, highlight the urgent need for solutions to improve efficiency and

mitigate hazards in this critical step of the recycling process (Lu, Pei & Peng, 2023).

Environmental and Health Risks in manual WEEE Recycling

Historically, Waste Electrical and Electronic Equipment (WEEE) has been processed in small-scale
individual workshops, such as those in Guiyu, Guangdong Province, China, which managed millions
of tons of global e-waste annually. Due to a lack of environmental awareness and regulatory

oversight, primitive recycling methods—such as manual dismantling, open burning, and acid
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treatment—have caused severe environmental pollution and posed significant health risks to local
residents. One alarming consequence has been the elevation of blood lead levels among children
in Guiyu, attributed to these unsafe recycling practices. Uncontrolled activities, including the manual
dismantling of waste printed circuit boards (PCBs) and the open burning of e-waste, release toxic
substances into the environment, creating hazardous conditions for both workers and nearby
communities (Gu et al., 2010; Lau et al., 2014). To address these issues, strict regulations have
been introduced to prohibit illegal e-waste disassembly by family-run workshops. WEEE recycling
has since transitioned to larger, industrial-scale facilities. These operations utilize pipeline
processes, mechanical tools, personal protective equipment (PPE), and provide proper employee
training, significantly enhancing both efficiency and working conditions. This shift represents a critical
step toward more sustainable and safer recycling practices (Huo et al., 2007; Cai et al, 2019; Lu, Pei
& Peng, 2023).

The process of disassembling Waste Electrical and Electronic Equipment (WEEE) in industrial
facilities continues to emit hazardous metals and organic compounds, creating significant risks for
worker health (Cherubini et al., 2026; Sheet, 2021). These toxic substances are often transferred
from the products to dust particles through mechanisms such as miniaturization, direct migration, or
vaporization. Exposure to such chemicals has been shown to have profound negative health effects
on workers (Lo, 1988; Jeong, Lee & Lee, 2016).

Field monitoring data reveal that particulate matter (PM2.5 and PM10) and heavy metal
concentrations at dismantling stations often exceed established air quality standards. Research by
Julander et al. indicates that workers in WEEE recycling facilities are exposed to airborne toxic
metals, including cobalt (Co), chromium (Cr), lead (Pb), and antimony (Sb), at levels 10 to 30 times
higher than those experienced in office environments. Biomarker studies further confirm that these
workers have substantially higher concentrations of these metals in their systems. Many of these
substances, classified as carcinogenic, enter the human body through ingestion, inhalation, or
dermal contact, causing severe health impacts such as respiratory issues and long-term illnesses,
including cancer (Punkkinen et al., 2017).

The presence of rare earth elements and heavy metals in dismantling environments underscores
the pressing need for improved safety measures. It is crucial to protect workers from hazardous dust
and toxic exposure by transitioning them away from such environments. Adopting advanced
automation and cleaner technologies in WEEE disassembly processes can significantly reduce
these risks. By doing so, workers can be redirected to safer, more advanced roles, improving both

their health outcomes and the overall sustainability of recycling operations (Lu, Pei & Peng, 2023).
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Escalating cost of manual disassembly

In addition to health concerns, the safety of workers in e-waste recycling facilities is a critical issue
that must not be overlooked. Research by Katrina et al. highlights the alarming frequency of injuries
among e-waste recycling workers, with 426 injuries reported within a six-month period by 46
participants. Lacerations accounted for 65.2% of these injuries, with the hands being the most
commonly affected area (45.7%). This underscores the hazardous nature of manual recycling
processes and the immediate need for safety interventions (Vongbunyong, Kara &Pagnucco, 2013).
Workplace safety challenges extend beyond injuries. According to data from the Occupational Safety
& Health Department (OSHD), more than 30% of manufacturing workers in Europe suffer from lower
back pain, adding significant social and economic costs. Moreover, workforce dynamics are
changing globally. The Raise the Wage Act of 2021 (H.R. 603) in the United States will raise the
federal minimum wage from $7.25 to $15 by 2025, further increasing labor costs. At the same time,
the recycling sector faces a growing labor shortage as younger workers are less inclined to join the
industry, while the aging workforce presents additional risks. Statistics reveal that workers aged 50
and above are more prone to injuries due to age-related declines in physical abilities, such as
diminished auditory and visual capacities, as well as weaker mental resilience to stress (Seliger et
al., 2001).

These issues highlight the urgent need for technological advancements in e-waste recycling to
reduce dependency on manual labor. Improved automation and mechanization can enhance
workplace safety by minimizing exposure to hazardous conditions and reducing the frequency of
injuries. Furthermore, adopting advanced technologies helps mitigate rising labor costs and
addresses the challenges posed by an aging workforce, ensuring a more sustainable and efficient
recycling process. Transitioning to technology-driven solutions not only safeguards human labor but
also enhances productivity, contributing to the overall resilience of the e-waste recycling industry
(Ajwad et al, 2018; Lu, Pei & Peng, 2023).

Disassembly automation

Automation has emerged as a transformative solution in the manufacturing sector, enabling mass
production at unprecedented speeds while maintaining high levels of quality and repeatability (Blker
et al., 2001). This shift aligns with the broader evolution toward Industry 4.0, as illustrated in various
smart manufacturing systems (SM). Despite its benefits, the recycling industry has been slow to

adopt automated processes, particularly for the disassembly of e-waste. This is largely due to the
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inherent uncertainties associated with end-of-life (EOL) products, which introduce significant
challenges in planning and operational execution (Chen, Foo, Kara & Pagnucco, 2020).

Automated disassembly, designed to mimic human workers and execute critical dismantling steps,
remains underutilized in the recycling sector. However, there are emerging applications where
automated WEEE disassembly has been partially implemented, addressing key operational
scenarios. These applications demonstrate the potential of automation to overcome the limitations
of manual labor, such as variability in efficiency and safety risks, while contributing to more
streamlined and scalable recycling operations (Schumacher & Jouaneh, 2013).

The continued development and refinement of intelligent disassembly systems hold promise for
reducing the complexities posed by EOL products. By integrating advanced planning and decision-
making algorithms, these systems can navigate the unpredictable nature of e-waste more effectively.
Furthermore, adopting automation at disassembly stations can pave the way for a broader
application of Industry 4.0 principles, driving greater efficiency and sustainability in the recycling
industry (Lu, Pei & Peng, 2023).

Disassembly automation represents a fully automated approach to dismantling processes, relying
entirely on advanced equipment and robotic operations with minimal or no human intervention. This
method is characterized by its exceptional efficiency, safety, precision, and repeatability, making it
ideal for handling large-scale disassembly tasks with consistent outcomes. In contrast, semi-
automated or hybrid disassembly incorporates both automated systems and human operators.
Dangerous, repetitive, or labor-intensive tasks are delegated to specialized automated equipment,
while human operators oversee the process and manually dismantle other components. This
approach leverages the flexibility and decision-making capabilities of human workers alongside the
efficiency and precision of robotics, creating a balanced solution for complex disassembly
operations. Intelligent disassembly takes automation a step further by integrating artificial
intelligence (Al) to optimize the disassembly process. By utilizing advanced algorithms and machine
learning, intelligent disassembly systems can identify individual components, analyze their
characteristics, and determine the most effective and efficient disassembly methods. This
sophisticated approach enhances both the accuracy and overall productivity of the disassembly
process, making it a promising innovation for industries dealing with complex and diverse materials
(Lu, Pei & Peng, 2023).

Disassembly equipment
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For the disassembly of EOL products, it is desired to perform non-destructive disassembly so that
the embedded value of parts can be fully reused. However, the real scenario of WEEE is full of
deteriorations, such as wear and corrosion of components and joints. With primitive tools including
screwdriver, pliers, saw, drill, and cutters, well-trained operators are able to efficiently detach various
fasteners. The logical selection of potential removal operations can be based on an understanding
of the components’ condition and drawing on past experiences (Schmitt, Haupt & Kurrat et al., 2011).
Advanced equipment is expected to accommodate different types of fasteners in various geometries,
resulting in the concept of almighty end-effector tools. Seliger et al. have developed a highly versatile
tool for unscrewing different types of screws, even those with damaged heads [46]. This tool utilizes
a pneumatic impact unit to create slots on the screw head, which serve as new active surfaces for
torque transmission. As a result, it enables the unscrewing operation regardless of the screw’s shape
or type (Schumacher & Jouaneh, 2013).

To make the disassembly process simplifier, the modular Disassembly Toolkit (DTK) has been
developed, which can support easy adaption to multi-purposed applications by changing modules of
the same kind. Highly integrated DTK apparatus makes it efficient to dismantle connectors and then
liberate the parts in the module level. Compared to reconfiguration of the applied modules, it
consumes less time when plenty of tools are required for one disassembly process (Wegener et al.,
2015; Lu, Pei & Peng, 2023).

Classification of printed circuit boards, depending on the gold content

Category Gold content Source (the list is not exhaustive, rather illustrative)

Non-prepared CRT monitor boards (TV and PC), HiFi,

Sltra low HEite Z0ppe power sources, small household appliances, etc.
Prepared CRT monitor boards (TV and PC), HiFi, power sources, small household
Very low up to 50 ppm :
appliances, etc.
Low up to 100 ppm Leached IT-boards (from very low to low)
Madiom up to 200 ppm 1T (sgrver PC, printer units), different connectors, LCD
monitors, motherboards
High up to 300 ppm IT / telecommunication boards
Very high over 300 ppm Cordless telephones , IT-components (processors, etc.)

Fig. X: Classification of printed circuit boards, depending on the gold content

Own research

-45-



Recycling Rates of Metals — Incomplete Closed Loops

1 2

H He
Hydrogen Helium

3 4 5| 6 7 8 9 10
.L,I B? Recycling > 50% Recycling > 10% Recycling < 5%* B C .N 0 F, Ne
Lithium Beryllium Boron. Carbon Nitrogen Oxygen Fluorine Neon

18 Metals 8 Metals 34 Metals

1 12 13 14 15 16 17 18
Na M Ai Si P S Cl Ar
Sodium Magnesium Aluminium Silicon Phosphorus Sulfur Chlorine Argon

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

potassium | Caldum | Scandium | Titanium | Vanadium [ chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium | Germanium | Arsenic | Selenium | Bromine Krypton
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Rubidium Strontium Yttrium Zirconium Niobium Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver. Cadmium Indium Tin Antimony Tellurium lodine Xenon
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
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Own research

Galvanizing Residue and Electrical Arc Furnace (EAF) Fehlit

Steel and zinc (Zn) form a highly effective and sustainable partnership during their service life,
offering significant advantages in performance and recyclability. Zinc coatings enhance the durability
and lifespan of steel products, ensuring they remain in optimal condition throughout their use. When
Zn-coated steel products reach the end of their service life, they can be efficiently recycled, giving

both the steel and Zn a renewed purpose (Kaya, 2023).

This synergy between steel and Zn is particularly beneficial due to the ability to separate and recover
both metals during the recycling process. Galvanized steel and electro-Zn coated steel sheets are
prime examples of recyclable materials that can be reintegrated into production cycles, continuing
to serve society in new forms. Zinc’s natural volatility compared to steel makes their separation
possible. In the steelmaking process, when scrap Zn-coated steel is melted, the steel is transformed

into new steel, while the Zn volatilizes and is collected as dust from the furnace (Kaya, 2023).
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The recovered Zn dust serves as a secondary resource, supplementing other Zn raw materials for
reuse. This recycled Zn is reintegrated into new Zn-coated steel products, finding applications in
cars, buildings, and various construction materials. This closed-loop system ensures that both Zn
and steel maintain their utility indefinitely, supporting a circular economy (Kaya, 2023).

This infinite recyclability of Zn and steel highlights their contribution to sustainability. By promoting a
continuous cycle of reuse, these materials play a critical role in reducing waste, conserving natural
resources, and advancing the global objective of sustainable development. The perpetual renewal

of Zn and steel embodies the essence of recycling for a sustainable future (Kaya, 2023).

Separation Blei & Zinn and Copper
Chat GPT

. WEEE Separation of Lead (Pb), Tin (Sn), and Raw Copper (Cu)

The separation of lead (Pb), tin (Sn), and raw copper (Cu) from Waste Electrical and Electronic
Equipment (WEEE) is a critical step in recycling valuable materials. This process not only
conserves resources but also minimizes the environmental impact of electronic waste. Below is an
overview of the methodologies and considerations involved in the separation process:

. 1. Initial Collection and Sorting
e Pre-sorting: WEEE is manually or mechanically pre-sorted to extract components with high
concentrations of metals, such as printed circuit boards (PCBs), connectors, and wires.
o Shredding: The sorted materials are shredded into smaller pieces to facilitate further
processing.
e Magnetic Separation: Ferromagnetic metals (e.g., iron and steel) are removed using
magnetic separators.

. 2. Physical Separation Techniques
Eddy Current Separation
e Non-ferrous metals like copper and tin are separated from plastics and other non-metallic
components using eddy current separators.
o This technique exploits the conductive properties of metals to segregate them.

Density-Based Separation
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e Metals are separated based on their densities in a medium (e.g., water or heavy liquids).
o Lead, being denser, separates easily from lighter metals like tin and copper.

Air Classification

o Light non-metallic fractions are separated from heavier metallic fractions using airflow.

. 3. Thermal Processing
Solder Recovery
o WEEE components containing solder (a tin-lead alloy) are subjected to controlled heating.
o The solder melts at relatively low temperatures (~183°C for a 60-40 Sn-Pb solder) and can
be separated from other metals.

Volatilization

e Lead and tin are partially volatilized at high temperatures, aiding in their separation from

copper.
. 4. Hydrometallurgical Processes
Leaching

e Acidic solutions (e.g., nitric acid or hydrochloric acid) selectively dissolve metals.
e Lead and tin can be dissolved and recovered separately from copper due to their different
solubilities and reactivities.

Electrolysis

o Dissolved metals are recovered through electrodeposition, where copper, lead, and tin are
deposited on electrodes in separate processes.

. 5. Pyrometallurgical Processing

o WEEE is melted in a furnace, where different metals separate based on their densities and
melting points.
o Copper sinks to the bottom as a heavier layer (raw copper).
o Lead and Tin form slag or are collected as separate layers depending on the process.
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. 6. Refinement

o Copper: Raw copper is further purified through electrolytic refining to produce high-purity
copper suitable for industrial applications.

e Lead and Tin: These metals are refined using techniques such as distillation or oxidation to
remove impurities and prepare them for reuse.

. Environmental Considerations

o Hazardous Emissions: Proper fume treatment systems are required to handle toxic
emissions from lead and tin.

o Waste Management: Residual materials, including slags and non-recyclable fractions, must
be disposed of or treated in compliance with environmental regulations.

. Challenges

o Material Heterogeneity: The diverse composition of WEEE complicates the separation of
specific metals.

e Energy Consumption: Thermal and chemical processes can be energy-intensive.

e Toxicity: The handling of lead and other hazardous substances requires stringent safety
measures.

. Advancements in Technology

o Al-Driven Sorting: Machine learning algorithms improve the efficiency of separating
metals by analyzing material composition in real time.

e Electrochemical Techniques: Innovations in selective leaching and electrodeposition
enhance metal recovery rates while minimizing environmental impact.

o Plasma Processing: High-temperature plasma systems are being explored for cleaner and
more efficient metal recovery.

The separation of lead, tin, and raw copper from WEEE is integral to sustainable recycling

practices. These methods not only recover valuable materials but also contribute to reducing
electronic waste and mitigating environmental harm.
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Reverbatory Furnace: Separation XX and adding Cooper
Chat GPT

1. Reverberatory Furnace in WEEE Recycling

A reverberatory furnace is a key technology in the recycling of Waste Electrical and Electronic
Equipment (WEEE), particularly for processing metal-rich fractions like Printed Circuit Boards
(PCBs). This type of furnace is designed to recover valuable metals such as copper, lead, tin, and
precious metals through high-temperature smelting.

2. What Is a Reverberatory Furnace?

A reverberatory furnace is a metallurgical furnace that utilizes indirect heat to melt materials. The
heat is reflected (or "reverberated") off the roof and walls of the furnace onto the material being
processed, making it ideal for treating materials like e-waste that require controlled thermal
processing.

3. Applications in WEEE Recycling
Reverberatory furnaces are primarily used to:

4. Extract Base Metals: Metals such as copper, lead, and tin are recovered from PCBs and
other metal-rich e-waste components.

5. Recover Precious Metals: Small quantities of gold, silver, and palladium are recovered
during smelting as part of the slag or matte.

6. Separate Metals from Non-Metals: The furnace helps in separating metals from plastic,
glass, and ceramic components, which form the slag layer.

7. Process Overview

1. Material Preparation
o E-waste is pre-sorted, shredded, and ground to separate the metal-rich fraction.
o Non-ferrous metals (e.g., copper and tin) and precious metals are concentrated in this
fraction.
2. Charging the Furnace
o The prepared material is charged into the furnace along with fluxes (e.g., silica,
limestone) to promote metal separation and reduce impurities.
3. Smelting
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[98)

o The furnace is heated to high temperatures (typically 1200°C—1600°C) using natural
gas, oil, or electricity.
o The heat melts the metal components while non-metallic materials form a slag layer
on top.
Metal Recovery
o Molten Metal: Heavier metals like copper and lead sink to the bottom of the furnace
and are tapped out as molten metal.
o Slag: The lighter slag layer containing impurities and oxides is removed for further
processing or disposal.
Refining
o The recovered metals are sent for further refining to achieve high purity levels
suitable for industrial reuse.

Advantages of Using Reverberatory Furnaces

. High Recovery Rates: Effective for extracting a wide range of metals, including base and

precious metals.

Versatility: Capable of processing mixed material streams, including PCBs, wires, and
connectors.

Scalability: Suitable for both small-scale and industrial-scale operations.
Cost-Effectiveness: Established technology with relatively low operational costs compared
to advanced systems like plasma furnaces.

Challenges

Energy Intensive: High energy consumption due to the elevated operating temperatures
required.

Emissions: Toxic gases and particulate matter may be released during smelting,
necessitating advanced emission control systems.

Slag Management: Proper handling and treatment of slag are required to minimize
environmental impact.

Material Heterogeneity: Variability in WEEE composition can affect process efficiency
and output quality.

Environmental Considerations

Fume Treatment Systems: Modern reverberatory furnaces are equipped with scrubbers and
filters to capture harmful emissions.
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o Energy Efficiency: Advances in insulation and heat recovery systems are improving the
sustainability of these furnaces.

e Circular Economy Integration: The recovered metals can be reintegrated into
manufacturing processes, reducing the need for virgin material extraction.

11.  Future of Reverberatory Furnaces in WEEE Recycling

e Automation: Incorporating digital twin technologies and Al-driven process optimization
can enhance efficiency and reduce energy usage.

e Hybrid Systems: Combining reverberatory furnaces with other technologies like
hydrometallurgy or plasma smelting could improve metal recovery rates.

e Sustainability Enhancements: Adoption of renewable energy sources and improved slag
recycling processes will make this technology more eco-friendly.

Reverberatory furnaces remain a cornerstone of e-waste recycling, balancing efficiency, scalability,
and versatility for recovering valuable metals from WEEE. With ongoing technological
advancements, their role in creating a sustainable circular economy is likely to grow.

Anode Cadsting
Chat GPT

1. Anodex Casting: 99% Copper and 1% Critical Raw Materials

Anodex casting is a metallurgical process used to produce high-purity copper alloys with precise
compositional control. The process involves creating a cast material containing 99% copper and
1% critical raw materials (CRMs), such as rare earth elements, precious metals, or other
strategically important elements. These alloys are designed for specialized applications in
electronics, energy storage, and high-performance industrial sectors.

2. Key Features of Anodex Casting
3. High Purity Copper Base:
o Copper constitutes 99% of the material, ensuring excellent electrical conductivity,
corrosion resistance, and malleability.
o This purity level is ideal for applications requiring minimal impurities to maintain
performance.
4. Critical Raw Material Addition:
o The 1% composition consists of CRMs like palladium, silver, gold, or rare earth
metals.
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o These materials impart unique properties such as improved wear resistance, catalytic
behavior, or enhanced electrical performance.
Precise Alloy Composition:
o Advanced casting techniques ensure uniform distribution of CRMs within the copper
matrix.
o This precision is vital for achieving consistent material properties.

Production Process

Material Preparation:
o High-purity copper and CRMs are carefully selected and pre-processed to remove

contaminants.
o CRMs are often introduced as master alloys to ensure uniform integration during
melting.
Melting:

o Materials are melted in an induction or reverberatory furnace under controlled
atmospheric conditions to prevent oxidation and contamination.

o The temperature is maintained to optimize the solubility and bonding of CRMs with
the copper matrix.

Alloying:
o CRMs are added to the molten copper, and the mixture is stirred to ensure
homogeneity.

o Fluxes may be introduced to remove impurities and create a clean melt.
Casting:
o The molten alloy is poured into molds or continuous casting systems.
o Rapid cooling solidifies the material, locking in the desired properties.
Post-Casting Processing:
o Heat treatments or cold working may be applied to refine the microstructure and
enhance mechanical and electrical properties.

Applications

Electronics Industry:
o Used in printed circuit boards (PCBs) and connectors requiring high conductivity
and resistance to wear.

Renewable Energy:
o Suitable for wind turbines and solar panels, where CRMs enhance efficiency and
durability.

Advanced Manufacturing:
o Applied in robotics and precision machinery that demand materials with exceptional
mechanical properties.
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. Aerospace and Defense:
o Utilized for components requiring both high conductivity and structural integrity
under extreme conditions.

Advantages

. Enhanced Material Performance:

o The addition of CRMs provides superior functionality compared to pure copper.
Sustainability:

o By incorporating recycled CRMs, Anodex casting supports the circular economy.
Customizability:

o The process allows tailoring compositions to specific industrial needs.

Challenges

CRM Availability:
o Securing a reliable supply of CRMs can be difficult due to geopolitical and market
constraints.
Cost Implications:
o The inclusion of CRMs increases production costs, limiting scalability for general
applications.
Complex Manufacturing:
o Achieving uniform distribution of CRMs requires advanced equipment and stringent
quality control.

Future Outlook

With the growing demand for sustainable and high-performance materials, Anodex casting of
copper with 1% critical raw materials offers a strategic solution for industries requiring specialized
alloys. Advances in recycling, CRM sourcing, and casting technology will further expand its
applications, driving innovation across electronics, energy, and manufacturing sectors.

Electrorefining
Chat GPT
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1. Electrorefining of WEEE (Waste Electrical and Electronic Equipment)

Electrorefining is a metallurgical process used to purify metals, typically copper and other valuable
metals, by removing impurities through electrochemical means. In the context of Waste Electrical
and Electronic Equipment (WEEE), electrorefining plays a vital role in extracting high-purity
metals from complex e-waste matrices, such as printed circuit boards (PCBs), cables, and
connectors.

2. Process Overview

The electrorefining process involves dissolving impure metals from WEEE into an electrolyte and
then selectively depositing pure metals onto a cathode. This process separates valuable metals like
copper, silver, gold, and other critical raw materials (CRMs) from impurities, enabling their
reuse in high-tech industries.

Steps in Electrorefining WEEE:

3. Preprocessing of WEEE:
o WEEE is shredded, and its metal components are separated from plastics, ceramics,
and other non-metallic materials.
o Non-ferrous metals like copper, aluminum, and precious metals are sorted for further
processing.
4. Smelting or Leaching:
o Metal-rich fractions are pretreated using pyrometallurgical (smelting) or
hydrometallurgical (leaching) methods to produce a crude metallic mixture.
o Crude copper anodes containing impurities, including gold, silver, lead, and tin, are
created.
5. Electrorefining Setup:
o Crude anodes are placed in an electrolytic cell containing a copper sulfate (CuSOa)
and sulfuric acid (H2SO4) solution as the electrolyte.
o A cathode, typically made of pure copper or stainless steel, is used to collect the
refined metal.
6. Electrochemical Refining:
o A low-voltage direct current is applied to the cell.
o Copper ions dissolve from the anode into the electrolyte and are selectively
deposited as pure copper on the cathode.
o Impurities settle as anode slime or remain in the electrolyte.
7. Recovery of Valuable Metals:
o Precious metals like gold, silver, and platinum group metals (PGMs) are recovered
from the anode slime using further refining methods.
o Critical raw materials (e.g., palladium, indium) are separated through advanced
hydrometallurgical techniques.
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Advantages of Electrorefining for WEEE:

High Purity Metals:
o Produces metals with purity levels exceeding 99.99%, suitable for advanced
industrial applications.
Recovery of Precious Metals:
o Enables the extraction of valuable metals like gold and silver from complex waste
streams.
Sustainability:
o Reduces the need for virgin metal mining, conserving natural resources and reducing
environmental impact.
Efficient Resource Utilization:
o Handles complex material compositions, ensuring maximum metal recovery from
WEEE.

. Adaptability:

o Can be tailored to specific metal compositions, including copper, lead, and nickel.

Challenges in Electrorefining WEEE:

Complex Feedstock:
o Variability in the composition of e-waste makes preprocessing and metal separation
challenging.

Energy Consumption:
o The process requires significant electrical energy, impacting operational costs.
Impurity Management:
o Managing and disposing of hazardous substances in anode slimes requires stringent
environmental controls.
High Initial Investment:
o Setting up electrorefining facilities involves substantial capital costs.

Applications of Electrorefined Metals from WEEE:

Electronics Manufacturing:
o High-purity copper and gold are reused in printed circuit boards and
Mmicroprocessors.
Renewable Energy:
o Metals are used in solar panels, wind turbines, and energy storage systems.

. Automotive Industry:
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o Critical raw materials like palladium and platinum are used in catalytic converters
and electric vehicle components.
4. Aerospace and Defense:
o Refined metals are applied in high-performance and lightweight material production.

11.  Future Prospects:

The growing emphasis on urban mining and circular economy initiatives is driving advancements
in WEEE recycling technologies, including electrorefining. Innovations such as digital twins,
machine learning algorithms, and sustainable electrolytes are expected to enhance the efficiency
and scalability of the process. By enabling the recovery of valuable and critical raw materials,
electrorefining is poised to play a central role in sustainable e-waste management.

Precious Metal Plants
ChatGPT

1. Precious Metals Recovery from WEEE After Electrorefining

The electrorefining process is an essential step in recovering precious metals from Waste Electrical
and Electronic Equipment (WEEE). Following the refining of base metals such as copper, precious
metals—including gold (Au), silver (Ag), platinum (Pt), palladium (Pd), and rhodium (Rh)—can be
extracted from the residual byproducts, primarily the anode slime generated during electrorefining.

2. Steps in Precious Metals Recovery
3. Formation of Anode Slime:

o During electrorefining, impurities such as gold, silver, platinum group metals
(PGMs), and rare earth elements do not dissolve in the electrolyte. Instead, they
accumulate as a byproduct at the bottom of the electrolytic cell, forming anode
slime.

4. Collection and Pre-Treatment:

o The anode slime is collected periodically from the electrorefining cell.

o It undergoes pre-treatment steps such as drying, crushing, and screening to prepare it
for further metal recovery.

5. Selective Leaching:
o Acidic or alkaline leaching agents are applied to dissolve specific metals selectively.
o For example:
* Gold and Platinum: Aqua regia (a mixture of nitric and hydrochloric acids)
is commonly used.
= Silver: Nitric acid is employed to dissolve silver, leaving gold intact.
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6. Solvent Extraction and Precipitation:
o Solvent extraction techniques are used to isolate individual precious metals from the
leachate.
o Precipitation reactions are applied to recover metals in solid form. For instance, gold
can be precipitated using reducing agents such as sodium metabisulfite.
7. Electrowinning or Smelting:
o Recovered precious metals are purified further using electrowinning
(electrodeposition) or high-temperature smelting to achieve high-purity metal ingots.
8. Refining and Assaying:
o Metals are subjected to final refining processes to reach purity levels exceeding
99.99%.
o Assaying determines the precise composition and value of the refined precious
metals.

9. Recovered Precious Metals from WEEE
After electrorefining and subsequent processing, the following precious metals can be recovered:

1. Gold (Au):
o Primarily recovered from connectors, circuit boards, and integrated circuits.
o Applications: Electronics manufacturing, jewelry, and investment.
2. Silver (Ag):
o Extracted from solder, relays, and connectors.
o Applications: Electronics, solar panels, and medical equipment.
3. Platinum (Pt):
o Found in hard drives and catalytic materials.
o Applications: Catalytic converters, fuel cells, and jewelry.
4. Palladium (Pd):
o Commonly present in multilayer ceramic capacitors (MLCCs) and connectors.
o Applications: Electronics, automotive industry, and hydrogen fuel technology.
5. Rhodium (Rh):
o A minor but valuable component in specific electronic applications.
o Applications: Catalysis and high-performance alloys.

10. Economic and Environmental Impact

1. Economic Value:
o The market value of precious metals recovered from WEEE contributes significantly
to the profitability of e-waste recycling facilities. For instance:
= 1 ton of WEEE can yield approximately 0.5 kg of gold and 1 kg of silver.
o These metals have high global demand in technology and renewable energy sectors.
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2. Environmental Benefits:
o Recycling precious metals reduces the reliance on mining, which is resource-
intensive and environmentally destructive.
o It minimizes hazardous waste by efficiently extracting valuable resources from
WEEE.

11.  Challenges in Precious Metal Recovery

1. Complex Composition:
o The variety and intricacy of WEEE materials make metal separation technically
challenging.
2. High Initial Costs:
o Advanced technologies for metal recovery, including hydrometallurgical and
pyrometallurgical processes, require substantial investment.
3. Regulatory Compliance:
o Stringent environmental and safety regulations must be adhered to during
processing.

12. Future Prospects

Advancements in artificial intelligence, robotic disassembly, and green chemistry are expected
to enhance the efficiency and sustainability of precious metal recovery from WEEE. The integration
of circular economy principles and increased global awareness of urban mining will further boost
the demand for refined metals sourced from e-waste.

Digital Twin Solutions to steer WEEE Plants

E-waste disassembly has become crucial for recovering valuable components and materials while
minimizing environmental and health risks. Manual disassembly, still widely used, exposes workers
to hazardous conditions, prompting the need for automated solutions. Automation enhances
precision, throughput, and safety, making it vital for sustainable e-waste management. Current
research largely focuses on laboratory-scale technical feasibility, with innovations like robotic
systems, Al optimization, and sensor technologies showing promise. Design for Disassembly (DfD)
further facilitates easier recovery by promoting modular designs and standardized components.

However, scaling these solutions for industrial use faces challenges, including material variability,
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high costs, and uncertain profitability. Emerging technologies like digital twins and smart sensors
offer transformative potential by optimizing processes and providing real-time material data. While
progress has been made, expanding automated disassembly to industrial scales is essential for
addressing the e-waste crisis and achieving sustainable recycling (Lu, Pei & Peng, 2023)-

The disassembly of Waste Electrical and Electronic Equipment (WEEE) in industrial facilities
continues to emit hazardous metals and organic compounds, posing significant health risks to
workers. These toxic substances, including particulate matter and heavy metals, are released into
the environment through miniaturization, direct migration, or vaporization during the dismantling
process.

Field monitoring data, summarized in Table 1, highlights concentrations of PM2.5, PM10, and heavy
metals in dismantling stations that exceed established air quality standards. Studies by Julander et
al. reveal that workers in WEEE recycling facilities face airborne exposure to toxic metals, including
cobalt (Co), chromium (Cr), lead (Pb), and antimony (Sb), at levels 10 to 30 times higher than those
encountered in typical office environments. These elements, many of which are classified as
carcinogens, enter the body through inhalation, ingestion, or dermal contact, leading to severe health
effects. The elevated presence of heavy metals and rare earth elements in worker biomarkers
underscores the dangers posed by traditional dismantling methods. Such exposure is linked to long-
term health complications, including respiratory issues and cancer. To address these risks, there is
an urgent need to transition workers away from hazardous environments. Implementing advanced,
automated disassembly technologies can reduce exposure, improve safety conditions, and enable
workers to shift toward less dangerous and more sustainable roles in the recycling process (Lu, Pei
& Peng, 2023).

Intelligent disassembly
The concept of **Cognitive Robotics** is transforming disassembly processes by emulating human
behavior and enabling cognitive-level functionality. This advanced approach employs vision systems
and other sensors to facilitate reasoning and monitoring during disassembly operations, making it
particularly suitable for treating the complexities of end-of-life (EOL) products like waste electrical
and electronic equipment (WEEE). The cognitive robotics system operates through three
interconnected modules (Yamaguchi & Atkeson, 2019; Li et al, 2020):

1. Vision System (VS): The vision system identifies critical components and pinpoints their

locations with the aid of computer vision. It tolerates slight variations among different
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products, ensuring adaptability in diverse scenarios. Real-time data captured by the VS is
crucial for effective operation, enabling the system to adjust dynamically.

2. Cognitive Robotics (CR): At the heart of the system, cognitive robotics utilizes pre-trained
models and algorithms to process image information provided by the VS. This processing
identifies and captures key features of critical components. A central component of this
module is the **Knowledge Base (KB)**, which accumulates data from previous learning and
revision processes. The **Cognitive Robotic Agent (CRA)** accesses this knowledge base
for reasoning and to monitor operations. When faced with disassembly scenarios outside its
pre-defined scope, the system can revise and update the KB, enhancing future efficiency.

3. Disassembly Operation (DO): Cognitive robotics carries out the physical disassembly actions
during the DO phase. Guided by the information and trajectory designs from the CR module,
the robot follows a precise path to perform the disassembly behavior.

This integrated approach enables a highly intelligent, efficient, and adaptable disassembly process,
addressing the inherent complexity and variability of EOL products. By combining real-time vision,
machine learning, and reasoning capabilities, cognitive robotics ensures a higher level of precision
and operational efficiency in WEEE recycling (Lu, Pei & Peng, 2023).

The disassembling process of the cognitive robotics system highlights its ability to handle known and
unknown objects adaptively. When the system encounters a known object, it executes disassembly
behaviors based on pre-existing instructions stored in the Knowledge Base (KB). However, for
unknown objects, the system undergoes a learning and revision process, enriching the KB through
a trial-and-error mechanism. This approach ensures continuous improvement and adaptability for
complex scenarios (Bdiwi, Rashid & Putz, 2016; Foo, Kara & Pagnucco, 2021).

The system develops disassembly plans and rules based on object detection and analysis of
disassembly requirements. For instance, disassembly techniques—ranging from non-destructive to
semi- or fully destructive—are chosen depending on the main components and their connections.
Factors like the condition of materials (damage/no damage) and toxicity are also considered to
ensure safe and effective operations. Once the disassembly domain and plan are established,
physical behaviors such as gripping, cutting, or unscrewing are verified through tentative removal
operations to ensure feasibility (Lu, Pei & Peng, 2023).

The Vision System (VS) and image processing algorithms are integral to the system’s success. They
allow the system to accommodate the uncertainty, complexity, and diversity of e-wastes. Advanced
deep learning algorithms like **Convolutional Neural Networks (CNN)**, **Region-based CNN (R-
CNN)**, **Multi-Layer Perceptrons (MLP)**, and **Support Vector Machines (SVM)** have
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demonstrated effectiveness in detecting complex objects (Marconi et al.,, 2018; Foo, Kara &
Pagnucco, 2021). However, their application in waste segregation faces challenges due to slower
computing capabilities and time delays. To address this, the **YOLO (You Only Look Once)**
network transforms the tasks of target classification and localization into a regression problem,
significantly improving detection speed without compromising accuracy. YOLO is particularly
effective in detecting small objects, achieving high precision and speed in object identification
(Supachai, Maurice & Sami, 2016).

The VS also performs execution monitoring, evaluating the degree of completion for each
disassembly step and ensuring process accuracy. In cases where operations fail repeatedly, human
intervention is required to assist the system. Beyond vision technology, advanced sensing tools,
such as tactile sensors, enhance the accuracy and effectiveness of the VS. By integrating tactile
feedback with vision systems, the system achieves greater precision, meeting the stringent
requirements of intelligent disassembly processes (Kirkman & Voulvoulis, 2017).

Further innovations in robotic sensing are equally vital. For example, **Schumacher et al.** propose
tooling concepts integrated with sensory features to facilitate active disassembly. These tools,
combined with sophisticated algorithms, ensure robust, adaptive, and efficient disassembly for
diverse WEEE materials. This intelligent integration of technology offers a scalable and efficient
solution for the challenges posed by the complexity of e-waste recycling (Gu, Summers & Hall, 2019;
Lu, Pei & Peng, 2023).

Numerous researchers have explored the potential of autonomous disassembly through cognitive
robots, focusing on innovative solutions for specific e-waste disassembly tasks. For instance, **Bdiwi
et al.** developed a robotized workstation designed for dismantling motors. Their system employs a
novel image processing algorithm to detect connecting screws, while tools attached to the robotic
station remove screws and hexagonal bolts efficiently. Similarly, another study demonstrates how
crosshead screws on televisions, even in varying orientations, can be identified and removed using
computer vision methods (Bogue, 2019).

In another significant contribution, Marconi et al. (2018) designed an automated system for the non-
destructive disassembly of spent printed circuit boards (PCBs). This system integrates a wave
soldering machine, a two-axis manipulator equipped with a suction cup, and a central control unit.
The desoldering process utilizes laser cutting to detach tronic components from the PCBs,
preserving them for remanufacturing and reuse (Fulton, 2019). These advancements indicate the
growing ability of robotic systems to perform specific tasks in e-waste disassembly, accommodating

variations in object orientation and material types (Lu, Pei & Peng, 2023).
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While these platforms showcase significant progress in addressing single steps of the e-waste
disassembly process, they remain limited in scope. The real-world recycling industry demands more
robust, scalable, and efficient solutions capable of disassembling entire devices comprehensively. A
holistic approach integrating various disassembly stages into a cohesive automated system is
essential to meet the increasing volume and complexity of waste electrical and electronic equipment
(WEEE) recycling. Such advancements would enhance productivity, reduce costs, and minimize the
environmental and health risks associated with traditional disassembly methods (Lu, Pei & Peng,
2023).

Applications of Digital Twins in Recycling

The combination of digital twin technology and machine learning algorithms unlocks a vast array of
applications across multiple industries. Below are some key examples of how digital twins are
enhanced with machine learning:

Making decisions based on data: Machine learning algorithms can analyze and interpret data
collected from various sensors and sources in waste management systems. [4] By processing and
learning from this data, the algorithms can identify patterns, correlations, and anomalies that may be
difficult for human operators to detect. This enables data-driven decision-making and the
optimization of waste management processes (Biller & Biller, 2023).

Predictive analytics: Machine learning algorithms can leverage historical data and real-time
information from digital twins to make predictions and forecasts. They can analyze patterns in waste
generation, collection, and disposal to anticipate future trends and demand. This enables proactive
planning, resource allocation, and optimization of waste management operations (Aggarwal, Gola &
Kanauzia,, 2023).

Intelligent waste sorting and recycling: Machine learning algorithms can be trained to classify and
sort waste items accurately. By analyzing [14] visual or sensor-based data, these algorithms can
identify different types of waste and direct them to appropriate recycling or disposal channels. This
improves the efficiency of recycling processes and reduces contamination (Sengupta & Dreyer,
2023)

Optimizing waste collection routes: Waste collection routes can be improved using machine learning
algorithms based on current data and past trends. The algorithms can choose the most effective

routes for waste collection vehicles by taking into account various variables including waste
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generation rates, traffic circumstances, and collection capacity. Fuel usage, travel time, and overall
operational costs are decreased as a result (Khan et al., 2021).

Fault detection and maintenance: Machine learning algorithms can analyze data from digital twins
to detect anomalies or malfunctions in waste management equipment or processes. By continuously
monitoring data patterns, the algorithms can identify deviations and alert operators to potential
failures. This enables proactive maintenance and minimizes downtime (Aggarwal, Gola & Kanauzia,,
2023).

New Market Approach needed: The Quest Solution

The market for critical raw materials (CRMs) and recycling faces unprecedented challenges that
necessitate a new, innovative strategy. Current approaches often fall short in addressing the
multifaceted demands of sustainability, efficiency, and economic scalability. Our proposed strategy
introduces a transformative framework designed to meet these challenges and capitalize on

emerging opportunities.

Building Europe’s Most Advanced Supplier of Recovered Critical Raw Materials

Quest is poised to redefine the future of critical raw material (CRM) recovery by establishing
**Europe’s most advanced facility for CRM recovery from e-waste**. This groundbreaking initiative
will **design, build, and operate*® a modular, first-of-its-kind facility, setting a benchmark in
sustainable resource management and circular economy practices.

The innovative facility will employ state-of-the-art technology to recover CRMs such as rare earth
elements, lithium, and platinum group metals from discarded electronic waste. Its modular design
ensures scalability and adaptability, enabling tailored solutions for diverse geographic and industrial

contexts.
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Fig. X: Building Europe’s Most Advanced Supplier of Recovered Critical Raw Materials
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Quest’s vision extends beyond Europe, with plans to **scale the technology globally** through
strategic partnerships and international joint ventures. This collaborative approach aims to maximize
resource recovery efficiency while contributing to global efforts to secure critical raw material supply
chains. By combining technological innovation, operational excellence, and global scalability, Quest

is not just building a facility but creating a **new standard for sustainable CRM recovery**.
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Our strategy introduces a comprehensive framework to address these shortcomings and capitalize
on the opportunities presented by a rapidly evolving market. The proposed approach focuses on
creating a $200 million-plus revenue enterprise that integrates value across supply, processes,
technology, and ecosystem dimensions. By adopting advanced process improvements, this strategy
aims to significantly reduce energy consumption and accelerate processing speeds. This reduces
working capital requirements while incorporating the processing of precious metals, such as gold
and silver, to address high-value market segments and diversify revenue streams.

One of the hallmarks of this approach is its emphasis on leveraging cutting-edge technologies. By
incorporating software-defined process automation and optimization, supported by advanced
Industry 4.0 tools and machine learning algorithms, the strategy enables real-time monitoring,
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predictive maintenance, and process refinements. This not only ensures operational efficiency but
also enhances scalability to meet the growing demands of the market.

The strategy also recognizes the importance of creating a sustainable and reliable supply chain. This
will be achieved through strategic partnerships with distributors and OEMs to implement takeback
schemes. These collaborations will help establish a closed-loop supply chain, reducing dependence
on virgin resources while reinforcing a commitment to a circular economy.

In essence, this approach moves beyond traditional methodologies, addressing inefficiencies
through the integration of technological and ecological advancements. It aims to redefine CRM
recovery and recycling, positioning itself as a leader in this critical industry. By combining economic
ambition with a strong emphasis on environmental stewardship, the strategy sets a new benchmark
for sustainable growth and market leadership, ensuring its relevance and impact in the years to

come.

Quest Strategy

Strategy: Ability to Create a Wide & Defensive Economic Moat
Quest will maximize value of tech & process innovations while minimizing threat of new entrants:
1. Raw Material Supply Advantage
¢ |n discussions to co-create a Distributor Takeback Scheme (DTS) with one of Europe’s
largest independent IT distributors
o Create a team to establish co-operations with leading IT manufacturers to reverse-logistics
and process their manufacturing scrap
e Incumbent collectors of e-waste and catalytic converters is highly fragmented (multiple
suppliers # supply oligopoly)
e We will accept smaller lots, as well as lower grade e-waste for processing and build the
flexibility to accept multiple raw material inputs
e Once onboarded to our system, suppliers will face moderate-to-high switching costs to leave

including losing access to valuable data

2. Technology/Process Advantage
e Access to license patented hydrometallurgical processes

¢ Ability to build and operate metallurgical R&D lab
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o Flexibility to adopt new technologies and processes

¢ Highly capable team positioned to patent and protect future innovations

3. Process Cost Advantage
e Marginal cost (energy)
e Economies of scale over time
o Network Effects achieved by scaling multiple locations

o New entrants dissuaded by high capital commitment

4. Ecosystem Network Effects
e Transparent markets for output / demand
o Difficult to imagine substitutes for the output

e Demand is not even close to being met by current capacity

Collaborative Development of a Distributor Takeback Scheme (DTS) for E-Waste with
Leading Partners

We are actively engaging with one of Europe’s largest independent IT distributors to co-develop an
innovative and robust Distributor Takeback Scheme (DTS) tailored to address the pressing
challenges of e-waste management. This partnership reflects a shared commitment to fostering
sustainability and compliance within the electronics lifecycle, ensuring that end-of-life electronic
products are responsibly managed.

The proposed DTS aims to streamline the collection, handling, and processing of e-waste, making it
both efficient and environmentally compliant. By leveraging the extensive distribution network and
logistical expertise of our partner, the initiative will establish a scalable and reliable framework for
the retrieval of discarded electronics from various touchpoints, including retailers, businesses, and

consumers.
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This collaboration underscores the importance of bringing together industry leaders to co-create
impactful solutions. The DTS will prioritize not only compliance with stringent EU regulations but also
the advancement of a circular economy by recovering valuable materials from e-waste and
reintegrating them into the supply chain. Additionally, it will foster greater transparency and
traceability in e-waste handling, ensuring that the collected materials are processed using best
practices that minimize environmental impact.

Through this partnership, we aim to set a benchmark for industry-wide e-waste management
systems, emphasizing efficiency, sustainability, and innovation. Together with our partner, we are
laying the groundwork for a transformative approach to addressing the global e-waste challenge.

Quest developed a three step process to implement an Recycling Plant in Germany.

Building an Ecosystem Around Our R&D Demonstration Facility

Our upcoming R&D demonstration facility is envisioned as a cutting-edge hub designed not only to
showcase advanced recycling and resource recovery technologies but also to drive innovation and
collaboration across industries. This profit-oriented facility will integrate a physical demonstration
plant with a virtual prototyping and integration platform, creating a dynamic and interactive

workspace for the development and optimization of processes, partnerships, and technologies.
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The facility's unique dual nature will serve as a catalyst for ecosystem growth, enabling
stakeholders—ranging from academic researchers and technology developers to industrial partners
and policymakers—to converge and contribute to the evolution of sustainable solutions. The physical
plant will demonstrate the practical application and scalability of innovative recycling techniques,
while the virtual platform will allow for the simulation, testing, and refinement of processes in a risk-
free, data-driven environment.

By creating this comprehensive ecosystem, we aim to lead the transformation of resource recovery
and recycling technologies, setting a new standard for collaboration, innovation, and sustainability
in addressing global challenges. This facility represents a pivotal step toward a more circular

economy, fostering a community of innovators committed to sustainable progress.

Create a New Long-Term Player in EU Urban Mining

Quest is poised to revolutionize the urban mining landscape in Europe and beyond by establishing
a trailblazing, modular, off-grid refinery dedicated to e-waste recycling. This ambitious initiative aims
to create a new long-term player in urban mining, addressing the pressing need for sustainable

critical raw material recovery while aligning with global environmental and economic goals.
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A First-of-a-Kind Modular Refinery

Quest's refinery will be the world's first modular, off-grid facility specifically designed for e-waste
recycling. By integrating state-of-the-art technologies and advanced resource recovery methods, the
refinery will set a new benchmark for efficiency, sustainability, and scalability. The modular design
ensures flexibility in deployment, allowing for rapid adaptation to varying local needs and waste
streams. The off-grid capabilities not only reduce reliance on traditional energy sources but also
support renewable energy integration, making it a model for sustainable industrial operations.

Scaling with Global Partnerships

Quest's strategy extends beyond the establishment of a single facility. By collaborating with
international joint-venture partners, Quest aims to scale its innovative technology globally. These
partnerships will leverage local expertise, resources, and market knowledge to replicate the
refinery's success in diverse regions, creating a robust network of sustainable e-waste processing

facilities.

A Vision for the Future

Quest's modular, off-grid refinery represents more than just a technological breakthrough—it is a
bold vision for the future of resource recovery. By combining innovative design, advanced
technology, and strategic partnerships, Quest is set to become a cornerstone in the global movement
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toward sustainable urban mining, addressing the growing demand for CRMs while mitigating

environmental impact and supporting long-term economic resilience.
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Buildung-up Unique Qualities in WEEE

Quest develops and licenses innovative, safe, modular, and serialized recycling facilities designed
for industrial-scale operations. Our approach emphasizes cutting-edge technology and sustainable
practices, enabling efficient recycling processes that meet the growing demand for environmentally
responsible e-waste management. By offering scalable solutions, we aim to revolutionize the

recycling industry and set new standards for safety, efficiency, and sustainability.
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A Once-In-A-Generation Opportunity

Our Safe and Scalable Turnkey Solutions for Urban Mining Will Process 1M Tonnes by 2030 and

10M Tonnes by 2050

2030 2050
Perfect time to enter market: €800-900bn
First political quotas already in 7 (450-550mt)
place; expected demand- i
supply-gap past 20272

€600bn

(330mt)

€250-300bn

(200-250mt)

- ©2mt) -

€40bn
(20mt)

- Forecasted global jet fuel
consumption

SAM - Announced and decided SAF
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- Minimal exp.
SAF mandate undersupply

SOM - Assumption of 200kt in
2030 and 6% of 2050 SAM

SOM rational: In fragmented Oil & Gas market large
players with 1-2% market share® - higher market share
achievable with faster scaling now

Urban Mining Will Process 1M Tonnes by 2030 and 10M Tonnes by 2050
ICF SAF analysis 2. SkyNRG — SAF Market Outlook 2022; McKinsey 3. E.g., Shell with 1-2% global
oil production (Statista); ICAO; IATA; EC, Proposal for a Regulation of the European Parliament and

of the Council on ensuring a level playing field for sustainable air transport, 2021; Transport &
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Environment - SAF mandate briefing, UK department of transport, White House announcement —

Sustainable Aviation Fuel Grand Challenge; ICF SAF analysis
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Quest Can Deliver Multiple Facility Variants Based on Capacity
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Quest Solutions Are Optimized for Co-Location with Landfill Operators
Faster turnaround times, increased throughput, improved compliance with regulations

Reduced Transportation Costs: By locating the recycling plant near the landfill or dismantling
center, transportation costs can be minimized since the distance between the two facilities will
be shorter. This can reduce the environmental impact of transporting the waste and lower the
overall cost of the recycling process.

Improved Efficiency: o-locating a WEEE recycling plant with a landfill or dismantling center can
improve the efficiency of the recycling process. This is because it allows for a more streamlined
process of collecting, sorting, and processing waste, which can result in faster turnaround times
and increased throughput.

Economic Benefits: o-locating a WEEE recycling plant with a landfill or dismantling center can
create economic benefits by creating jobs and supporting local businesses. Additionally,
recycling valuable materials from WEEE waste can generate revenue for the recycling plant and
the local economy.

Regulatory Compliance: Co-locating a WEEE recycling plant adjacent to a landfill or dismantling

center can help ensure compliance with regulatory requirements for waste management. By
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having a dedicated facility for recycling WEEE waste, it can be more effectively managed and
monitored to ensure compliance with environmental regulations.

Quest Creates Network Effects Resulting from Scale and Density
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Fig. X: Quest Creates Network Effects Resulting from Scale and Density
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Four Alternative Investment Models to Exploit the Market for Recycled Metals
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Quest developed A

Exploiting the Market for
Recycling Metals & Materials
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Fig. X: Four Alternative Investment Models to Exploit the Market for Recycled Metals
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Quest developed a unique groth plan
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QUEST BASE

Software-Defined Proof-of-Process Plant for CRM Recovery

QUEST BASE is pioneering the Software-Defined Proof-of-Process Plant for CRM Recovery. The
QUEST BASE facility is a cutting-edge software-defined proof-of-process plant designed to
demonstrate and refine critical raw material (CRM) recovery technologies. This initiative involves the
planning, construction, and operation of a kilogram-scale laboratory to recover materials from
catalytic converters and particle filters. The facility is scaled to process up to 120 kilograms of
ceramic monolith per week, with shared access to state-of-the-art equipment within a modern 800
m? laboratory space, part of a larger 2,000 m? total area.

Key infrastructure includes a tumbler capable of handling 750 kilograms of ceramic monolith weekly,
with scalability to process up to five tonnes per week in a single shift. This innovative approach is 21
to 26 days faster than traditional processes and integrates advanced features like a digital twin and
data modeling capabilities to optimize operations and scalability.

The initiative also focuses on establishing strong relationships with stakeholders. Supplier
partnerships are being developed with major automotive brands and specialized collectors to secure
a steady input of materials. Additionally, QUEST BASE is engaging with established markets for
recycled metals, ensuring a reliable customer base for recovered materials. This dual approach
underscores its potential to redefine CRM recovery through technological innovation and strategic

collaboration.

ML-Optimized Digital Twin To Analyze CRM Data Streams

The ML-optimized digital twin is a state-of-the-art software platform designed to create digital
counterparts for all physical assets and activities within a CRM recovery plant. By integrating the
entire lifecycle of data—beginning of life (BoL), middle of life (MoL ), and end of life (EoL)—the system
enhances the efficiency of input collection, valorization, and material flow management.

This platform enables comprehensive simulation of all processing phases, utilizing advanced
algorithms to predict material flow performance, optimize process planning and operations, and
improve quality control. Additionally, the digital twin provides advanced visualization capabilities,
allowing stakeholders to monitor and adjust operations in real time for maximum efficiency and

effectiveness.
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The initiative will be partnered with the Digital Twin Consortium (DTC) and designed around a
common metamodel to ensure universal interoperability. This interoperability will facilitate seamless
information exchange and value creation across different systems and stakeholders. Future
iterations may include a matchmaking mechanism, enabling enhanced collaboration and resource
optimization across industries and sectors. This innovative approach positions the digital twin as a

transformative tool in the realm of CRM recovery and process optimization.

Execution Power: Summary Operating Plan & Impact-Oriented Roadmap

The autors have established a comprehensive three-year roadmap that outlines critical milestones
across six strategic workstreams: People, Partners, Contracts, Funding, Facility Development, and
International Expansion. This roadmap is designed to ensure efficient execution and impactful

outcomes at every stage of development.

Phase 1 — Build the Team Phase 2 — Build the Technology Phase 3 — Build the Facilities
People @ G () ) ) (). (). () (). ( ) >
Founding Academic Metallurgical Software Digital Twin _ RT Data Enterprise  Enterprise Security Site Design & Facility Facility Lab & Facility
Team Coordination Expertise Eng. Expertise’  Engineering ~Systems & Remote Sys Admin Installation  Operations  Purchasing Maintenance
4 @) A, &5 ) ) ),
Partners \ Y O &, O
Coop: Sustainability Coop: Metallurgical Coop: Top 10 Platform: integrate Pool Expertise Owner of Pre-Existing JV: Owner-Operator
Uni/TH Uni/TH Faculty EEE producer 3rd Party Tech from Uni/THs Facilities to Convert Landfill Site
Contracts ._0—0 o) ) ) ). ) o)) )
Coop Contract Funding Software Eng. Coop Pre-Recycling  Integration IP Protection Property Supplier Joint Venture
with Uni/THs Contracts. Contracts WEEE Process Agreements Agreements Agreements Agreements Agreement
Funding &) O
Begin Raising Secure Grant Close Seed  Begin Talks w/Banks & Begin Raising Close Secure Secure Working
Seed Round  Consultant Round State-backed Funds Series A Series A Subsidies: Capital
Facility ) ) '@ ) )
Begin Permitting & Secure Expert Secure Commission Install Plant &
Approval Process Opinions Approvals Facility Equipment
Int’l © ®
Roll-Out b e 4
Set-up Sales Research Produce Sales Approach  Demonstrate Deliver Negotiate
Process Leads Collateral Leads Capability Credentials NDA & Lol

Fig. X: Summary Operating Plan & Impact-Oriented Roadmap
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1. **People**: Building a skilled and dedicated team capable of executing the ambitious plan

while fostering a culture of innovation and collaboration.

2. **Partners**: Establishing strong partnerships with industry leaders, academic institutions,

and technology providers to drive innovation and scalability.
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3. **Contracts*™: Securing key contractual agreements with suppliers, customers, and

stakeholders to guarantee the smooth operation of our processes and the delivery of results.

4. **Funding**: Strategically acquiring funding from public and private sources to fuel research,

development, and expansion initiatives while minimizing financial risks.

5. **Facility Development*: Designing, constructing, and operationalizing state-of-the-art
facilities to meet the demands of our technology and production goals, including modular

scalability for future growth.

6. **International Roll-Out*™: Expanding operations globally through joint ventures and
partnerships, leveraging the learnings and successes of initial implementations to replicate

success across new markets.

This roadmap not only emphasizes operational excellence but also focuses on creating measurable
impacts—environmentally, economically, and socially—through each phase of our journey. By
staying aligned with these milestones, we aim to deliver transformative solutions and establish a

leadership position in critical raw material recovery and sustainable practices worldwide.

Digital Twin Solition

The foundation of this initiative lies in the development of a digital twin, which plays a critical role in
the accurate planning and optimization of all processes involved in our operations. The creation of
this digital twin also represents the first financing step, as its implementation provides measurable

value to attract investment and ensure operational feasibility.
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A digital twin is a virtual representation of physical assets, systems, and processes. It mirrors real-

world operations, enabling real-time monitoring, analysis, and simulation. By integrating data from

the beginning-of-life (BoL), middle-of-life (MoL), and end-of-life (EoL) stages of assets, the digital

twin enhances efficiency, valorizes inputs, and streamlines material flows across all operational

phases.

Key Advantages of the Digital Twin:

1.

**Process Simulation and Optimization**: It simulates all stages of processing, predicting
material flow performance and identifying potential inefficiencies.

**Data-Driven Decision Making**: Algorithms analyze CRM (Critical Raw Material) data
streams, aiding in better process planning, quality control, and visualization of key metrics.
**Universal Interoperability**: Designed in partnership with the Digital Twin Consortium
(DTC), it adheres to a common metamodel, allowing seamless integration with existing
systems and stakeholders.

**Matchmaking Mechanism**: The digital twin can facilitate information and value exchange,
linking suppliers and customers effectively for maximized value creation.

**Resource Efficiency**: The virtual model improves input collection and valorization,

significantly reducing waste and enhancing sustainability.
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Financing and Strategic Importance

The digital twin not only supports operational excellence but also serves as a compelling asset for
securing initial financing. Investors and stakeholders gain confidence through its ability to simulate
and project outcomes, providing transparency and reducing risks. This robust tool establishes a solid
groundwork for subsequent phases, ensuring alignment between technological innovation and
financial sustainability. By prioritizing the development of a digital twin, we lay the foundation for an
integrated and scalable operation that revolutionizes CRM recovery and aligns with global best

practices in resource efficiency and sustainability.
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**The Authors Developed a Digital Twin-Based Recycling Framework™*

The authors have pioneered a cutting-edge **Digital Twin-Based Recycling Framework** designed
to revolutionize the recycling industry by integrating advanced digital technologies with sustainable
resource management. This framework leverages the concept of a digital twin to optimize recycling

processes, streamline operations, and enhance material recovery efficiency.
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Key Components of the Framework:

1.

Digital Twin Integration: The framework employs digital twins—virtual representations of
physical recycling assets and processes—to enable real-time monitoring and analysis. This
integration allows for precise tracking of material flows, predictive maintenance, and
optimization of recycling systems.

Data-Driven Insights: By collecting and analyzing data from various stages of the recycling
process, the framework provides actionable insights to improve efficiency, reduce waste, and
enhance the quality of recovered materials. It incorporates data from the beginning-of-life
(BoL), middle-of-life (MoL), and end-of-life (EoL) phases of products.

Simulation and Planning: The framework includes robust simulation tools that model material
flows and predict performance outcomes. These simulations support decision-making by
identifying bottlenecks, testing alternative strategies, and optimizing overall operations.
Interoperability and Collaboration: Designed for seamless integration, the framework aligns
with standards set by organizations such as the Digital Twin Consortium (DTC). This
interoperability facilitates collaboration among stakeholders, including suppliers, customers,
and regulators, ensuring a cohesive recycling ecosystem.

Sustainability Focus: By promoting resource efficiency and minimizing environmental impact,
the framework aligns with global sustainability goals. It enables the valorization of inputs,
reduces energy consumption, and supports the circular economy by transforming waste into

valuable secondary materials.

Implications and Benefits:

**Efficiency Gains**:

The framework significantly improves recycling efficiency by optimizing processes and reducing

operational redundancies.

**Cost Reduction**:

Through better planning and predictive maintenance, the framework lowers costs associated

with downtime and inefficiencies.

**Enhanced Recovery Rates**:

The use of digital twins enhances material recovery rates, ensuring the maximum extraction of

valuable resources.
**Scalability**:
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and geographies.

The modular nature of the framework allows it to be scaled across diverse recycling operations

The Digital Twin-Based Recycling Framework represents a transformative approach to resource

recovery, marrying technology with sustainability. By enabling data-driven decisions and fostering

collaboration, it sets a new standard for the recycling industry, paving the way for more efficient,

sustainable, and impactful recycling practices.

Digital Twin-Driven Disassembly: Revolutionizing Recycling Processes

The concept of Digital Twin-Driven Disassembly represents a transformative approach to recycling

and resource recovery. By leveraging advanced digital technologies, this methodology enhances the

efficiency, precision, and sustainability of disassembling complex products, such as electrical and

electronic equipment (EEE), for material recovery.
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Core Features of Digital Twin-Driven Disassembly:

-84 -



Virtual-Physical Synchronization: Digital twins create real-time, virtual counterparts of physical
products and disassembly systems. This synchronization allows operators to visualize the
product’s structure, identify components, and plan disassembly processes with unparalleled
accuracy.

Dynamic Process Simulation: The digital twin models disassembly steps, simulating scenarios
to determine optimal methods for separating materials. These simulations consider factors such
as material composition, connection types, and the physical condition of the product.
Automated Decision-Making: Equipped with machine learning algorithms, the digital twin
analyzes data to recommend the most efficient disassembly paths, tools, and techniques. It
adapts dynamically to unexpected conditions, such as missing or damaged components.
Data-Driven Insights for EoL Products: By integrating BoL (beginning-of-life), MoL (middle-of-
life), and EoL (end-of-life) data, the digital twin provides comprehensive insights into the product
lifecycle. This information is invaluable for assessing material value, recycling potential, and
environmental impact.

Interoperability and Standardization: Designed with universal compatibility in mind, digital twins
align with industry standards, facilitating integration across diverse systems and enabling

seamless collaboration among stakeholders in the recycling ecosystem.

Benefits of Digital Twin-Driven Disassembly:

Enhanced Efficiency: Automating and optimizing disassembly processes reduces time, labor,
and energy consumption.

Improved Recovery Rates: Precise planning ensures maximum extraction of valuable materials,
including critical raw materials (CRMs).

Reduced Environmental Impact: The approach minimizes waste and emissions by ensuring
thorough material separation and reuse.

Cost Savings: Streamlined operations lower costs associated with manual disassembly and
inefficiencies.

Scalability and Flexibility: The methodology can be applied across various industries and product

types, from electronics to automotive components.

Applications in Industry:

Electronics Recycling: Efficiently disassembling complex devices like smartphones, laptops, and

circuit boards to recover metals and plastics.
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e Automotive Industry: Facilitating the dismantling of electric vehicle batteries and components for
reuse or recycling.
¢ Renewable Energy Systems: Disassembling wind turbines and solar panels to reclaim valuable

materials.

Future Prospects

Digital Twin-Driven Disassembly sets the stage for a paradigm shift in resource recovery, aligning
with the principles of the circular economy. By fostering sustainable practices and maximizing
resource utilization, it positions industries to address global challenges such as critical raw material
shortages and environmental degradation. This innovative approach not only enhances operational

efficiency but also paves the way for a greener, more resource-conscious future.

Digital Twin-Driven Size-Reduction

The application of **Digital Twin-Driven Size Reduction* introduces an innovative approach to
optimizing the fragmentation and processing of materials for recycling. By creating virtual
counterparts of physical processes, this methodology enhances precision, efficiency, and

sustainability in the size-reduction stages of material recovery, such as shredding and milling.
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Digital Twin-Driven WEEE Separation: Revolutionizing E-Waste Recovery**
The integration of **Digital Twin-Driven Technology** into the separation processes of Waste

Electrical and Electronic Equipment (WEEE) marks a transformative leap in recycling and material
recovery. By leveraging digital twins, the separation phase of e-waste management becomes

smarter, more efficient, and more sustainable.
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Core Principles of Digital Twin-Driven WEEE Separation**

1. Virtual Replication of Separation Processes: Digital twins create dynamic, real-time virtual models
of physical separation processes such as density separation, magnetic separation, and eddy current
separation. These replicas simulate material flow, particle behavior, and equipment performance.
2. Material-Specific Simulations: Digital twins analyze the physical and chemical properties of WEEE,
enabling precise predictions of how different components (metals, plastics, ceramics) will respond
during separation.

3. Data-Driven Optimization: Using input from sensors and process monitoring systems, digital twins
recommend adjustments to machinery settings, such as speed, intensity, and separation thresholds,

to maximize material recovery.
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4. Real-Time Monitoring and Adjustment: The system continuously tracks separation efficiency and

adjusts operational parameters in real time to maintain optimal performance and reduce material

loss.

5. Predictive Maintenance and Downtime Reduction: By monitoring equipment health, digital twins

predict wear and tear on separation equipment (e.g., magnetic separators, air classifiers), scheduling

maintenance before breakdowns occur.

Benefits of Digital Twin-Driven WEEE Separation

1.

Enhanced Recovery Rates: Digital twins enable precise separation, ensuring that valuable
materials such as gold, silver, copper, and rare earth elements are efficiently recovered.
Cost Efficiency: Optimized operations reduce energy consumption and waste generation,
minimizing operational costs.

**Increased Throughput: Real-time adjustments prevent bottlenecks, allowing facilities to
process higher volumes of e-waste.

Adaptability: The system can adapt to various types of WEEE, from consumer electronics to
industrial equipment, enhancing flexibility.

Environmental Sustainability: Improved separation minimizes the disposal of hazardous
substances and increases the reuse of secondary raw materials, contributing to a circular

economy.

Applications in WEEE Recycling

1.

Printed Circuit Boards (PCBs): Digital twins simulate the separation of metals, plastics, and
ceramics in multilayer PCBs, optimizing the recovery of precious metals and base materials.
Consumer Electronics: Components like batteries, casings, and cables can be separated
with higher precision, reducing contamination and enhancing material quality.

Household Appliances: Complex mixtures of metals, polymers, and other materials in white
goods are efficiently separated for recycling.

Automotive Electronics: Recovery of rare earth elements and metals from electronic control

units (ECUs) and sensors is improved through tailored separation strategies.
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As the global demand for recycled materials and critical raw materials (CRMs) grows, Digital Twin-
Driven WEEE Separation offers a forward-thinking solution to meet this need. By integrating real-
time data analytics, machine learning, and process simulations, this technology addresses the
challenges of e-waste recycling, including material heterogeneity, operational inefficiencies, and
environmental concerns. In the long term, digital twin technology will enable fully automated, self-
optimizing recycling plants that operate with minimal human intervention, significantly reducing the
carbon footprint and ensuring a steady supply of secondary raw materials. This innovation paves the
way for a more sustainable, circular economy, setting new standards for WEEE management

worldwide.

QUEST ONE

Develop & Operate Standardized Facilities to Recycle E-Waste
Quest recognizes that the **develop-own-operate (DOO)** model has been successfully proven as

an effective and reliable approach in advancing sustainable recycling and urban mining initiatives.
By taking full control of the lifecycle—from development to operation—Quest ensures seamless
integration, consistent performance, and the ability to maintain high environmental and operational
standards.

This model allows for enhanced resource recovery, streamlined processes, and the flexibility to
adapt to emerging challenges and market opportunities. The proven success of the DOO approach
underscores Quest's capability to deliver innovative and impactful solutions in critical raw material

recovery, solidifying its leadership in the global e-waste recycling landscape.

3D-simulation of QUEST ONE: commercial-size Gen-1 plant

Repeatedly develop and build standardized
E-Waste Recycling Facilities

@ Construction via EPCM 3 partner

Operate & Own Off-Grid Recycling Facility

@ Logistics via existing infrastructure

Sell refined metals to metal markets &
industrial manufacturing customers *

1. Reverse-Water-Gas-Shift

2. Fischer-Tropsch

3. Engineering-Procurement-Construction-Management

4. e.g., Automotive suppliers, Semiconductor & Electronics Industry
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Fig. X: 3D-simulation of QUEST ONE: commercial-size Gen-1 plant
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QUEST ONE+
Large-Scale, Multi-Stage, Multi-CRM Recovery Plant

Advanced Multi-Stage Recycling Facility for Critical Raw Materials Recovery

Our state-of-the-art multi-stage production plant is designed to achieve an unparalleled recycling
efficiency of over 80% for critical raw materials. These materials are essential for sustainable mobility
solutions, renewable energy technologies, and a wide range of related electronic components. This
innovative approach not only addresses pressing environmental concerns but also strengthens the
circular economy by recovering valuable resources that would otherwise be lost.

The development timeline for this cutting-edge facility is projected to be highly efficient, with full-
scale production achievable within 20 to 24 months after securing the necessary capital
commitments. This accelerated timeframe underscores our commitment to delivering impactful
solutions that meet the urgent demands of the global market.

The plant is designed to process a diverse array of inputs, including printed circuit boards (PCBs),
semiconductor chips, electrical connectors, and cables. With an impressive processing capacity of
200 tons per day, the facility is poised to handle significant volumes of e-waste, reducing the
environmental burden of discarded electronics and maximizing material recovery.

One of the core focuses of the facility is the recovery of ceramic monoliths, which are critical
components in various technological applications. The plant is targeting a recovery rate of 15 tons
of ceramic monoliths per week. These recovered materials can be refined and reintegrated into the
supply chain, reducing dependency on virgin raw materials and mitigating the environmental impact

of extraction.

This facility represents a leap forward in sustainable recycling technology. By leveraging advanced
processing techniques and an efficient multi-stage design, it offers a scalable and replicable model
for tackling the global e-waste crisis while contributing to the resilience of critical raw material supply

chains.
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